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ABSTRACT
The rocky shoals spider lily (Hymenocallis coronaria) is a culturally and ecologically
important emergent macrophyte endemic to the biodiverse shoals of fall line streams in the
southeastern United States. H. coronaria has declined throughout its range as shoal habitat has
become increasingly threatened by flow modification and other anthropogenic stressors. The
genetics and botany of H. coronaria have been given considerable attention, but quantitative
habitat research has been lacking. Furthermore, despite substantial need, public interest, and its
status as an indicator species for fall line streams, no research has been conducted on H.
coronaria restoration. Our main objectives were to identify habitat characteristics most important
to H. coronaria colonization at the microhabitat and shoal scale and to establish results-based
standard practices for implementing H. coronaria restoration. We conducted this research in
Stevens Creek, South Carolina, a free-flowing and minimally stressed fall line stream. Our
results indicate that shallow water depth and coarse substrate are the best predictors of H.
coronaria presence at the microhabitat scale, with depth being the most influential. At the shoal
scale, we determined that shoal length, hydrology, and substrate all influence H. coronaria
density. When considering restoration, we recommend that future efforts utilize a wedge
technique with H. coronaria seedlings during the summer to maximize efficiency. If success is
the top priority, we recommend using bulbs in the spring or summer and considering large-scale
seed broadcasting if minimal effort is desired. We hope that advancements in H. coronaria
conservation and restoration will improve shoal management for the benefit of biodiversity and
ecosystem services and contribute to process-based restoration of fall line streams in the
Southeast through the use of H. coronaria as an indicator species for restoration success.
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CHAPTER ONE
LITERATURE REVIEW ON STREAM MACROPHYTE ECOLOGY, HYMENOCALLIS
CORONARIA, AND STEVENS CREEK, SOUTH CAROLINA

Stream Macrophyte Ecology
Distribution and Characteristics
Macrophytes, generally defined as large vascular plants that grow in aquatic habitats with
an open canopy, play an extremely important role in shaping aquatic ecosystems (Gregg & Rose,
1982). Macrophytes can be defined as emergent or submerged and can be found in both lotic and
lentic systems (Allan & Castillo, 2007). The role macrophytes play in lentic community
ecosystem structure has been well established, with much of the research focusing on light
availability, nutrient dynamics, and invertebrate relationships (Barko et al., 1986; Sand-Jensen,
1989; Soszka, 1975). The body of work surrounding the role of macrophytes in lotic systems is
much less complete, but some important concepts have been defined. Compared to lentic
macrophytes, important adaptations of lotic macrophytes include flexible and durable stems and
leaves, strong roots that facilitate firm attachment in the streambed, and asexual vegetative
reproduction (Allan & Castillo, 2007). Previous research has shown that water velocity and
water depth at baseflow (Madsen & Adams, 1989), substrate type (Sand-Jensen et al., 1999),
frequency and abundance of flooding events (Riis & Biggs, 2003), light and nutrient availability
(Allan & Castillo, 2007), and herbivory (Bakker et al., 2016) have the greatest effect on stream
macrophyte distribution and abundance.
When considering the importance of macrophytes in stream ecosystems, the broadest
scale of the River Continuum Concept must be considered, which defines macrophytes as a vital
component of the middle sections of rivers, specifically in orders 4-6 (Vannote et al., 1980).
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Macrophyte primary production is high in these mid-order streams, with emergent macrophytes
having the highest production values (Allan & Castillo, 2007). It has long been considered that
the primary fate of this production is the detritus food web (Polunin, 1984), although recent
research has shown that herbivory is also a significant factor, implying macrophytes play a large
role in the aquatic food web (Bakker et al., 2016). When considering a finer scale, stream
macrophytes provide many important ecosystem functions, including water quality
improvement, micronutrient and organic matter retention, heterogeneous habitat structure,
streamflow modification, and invasive macrophyte invasion resistance.
Ecosystem Function
Macrophytes relationship with water quality can be viewed under two different lenses.
On one hand, many macrophytes require high water quality to grow successfully and therefore
are commonly known as indicator species for stream health (Grasmück et al., 1995; Romero &
Onaindia, 2015; Wood & Freeman, 2017). On the other hand, the presence of macrophytes can
improve the water quality of streams by increasing downstream dissolved oxygen concentrations
(Larned et al., 2006) and filtering, trapping, and stabilizing sediment, which reduces sediment
resuspension and therefore turbidity (Madsen et al., 2001; Sand-Jensen, 1998). High turbidity
and sedimentation are considered major drivers of the decline of aquatic biodiversity, with lotic
ecosystems primarily impacted through a reduction in primary production (Henley et al., 2000).
Reduced sediment resuspension has been also shown to correlate with lower concentration of
phosphorous in the water column (James & Barko, 1994). Lower concentrations of phosphorus
reduce the probability of eutrophication, and generally is associated with higher stream water
quality (Allan & Castillo, 2007).
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When macrophytes trap and stabilize sediment, they are also providing the important
ecosystem service of trapping micronutrients. Sand-Jensen (1998) showed that macrophytes trap
fine sediment particles near the stream substrate and that those sediments are enriched with high
concentration of organic matter, carbon, nitrogen, and phosphorous. These enriched sediment
areas allow the development of biofilms and epiphytic algae that support diverse
macroinvertebrate populations (Soszka, 1975). Macrophyte beds have also been shown to
increase the retention time of particulate organic matter (POM) in streams, allowing the POM to
be converted to energy that can be used by aquatic organisms. This is especially important in
streams that are primarily allochthonous, where carbon and nutrients are derived from outside the
ecosystem, or have low channel roughness (Koetsier & McArthur, 2000).
Stream macrophytes create habitat structure for aquatic organisms in many ways,
including providing oviposition sites for aquatic insects (McGaha, 1952), sheltering invertebrates
from the shear stress of high flow velocities (Harrod, 1964), providing structure for fish
(Humphries, 1996), rearing habitat for ducklings and goslings (Markwith & Parker, 2007), and
predation protection (Harrison et al., 2005). These benefits can be summarized as macrophytes
creating habitat heterogeneity in the stream channel by modifying streamflow, arguably their
most important ecological function (Allan & Castillo, 2007). Other observed examples of stream
flow modification include reduction of current velocities near the stream substrate, tendency of
maximum current velocities to be found closer to the surface and reduced current velocities
downstream of macrophyte patches (Gregg & Rose, 1982; Madsen et al., 2001). Dawson and
Robinson (1984) also found that macrophyte beds increase the channel roughness coefficient
which affects many hydraulic processes of streambeds.
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Human disturbance of lotic ecosystems has led to the colonization and rapid spread of
non-native macrophytes throughout the world. These invasive plants outcompete native
macrophytes for resources and space, leading to reduced biodiversity and habitat quality (BarratSegretain, 2001). A very prominent example of this degraded habitat quality is the association of
dangerous, low dissolved oxygen events associated with invasive macrophyte beds (Caraco &
Cole, 2002). However, Larned et al (2006) observed that the restoration of native macrophytes
into an urban stream reduced the density of invasive macrophytes, suggesting that fast-growing
native species can outcompete non-natives in certain situations. The extensive ecosystem
functions provided by stream macrophytes make them an important component in stream
restoration, both as an indicator of restoration success in project evaluations (Baattrup-Pedersen
et al., 2000; Kail et al., 2015; Lorenz et al., 2012; O’Hare et al., 2018) and as a way to improve
ecological (Altieri et al., 2021; Marsh et al., 2021; O’Hare et al., 2018) and hydromorphological
(O’Briain et al., 2022) stream processes. However, stream macrophyte restoration is challenging
to implement and has been rarely researched.
Restoration
Arguably the greatest roadblock to stream macrophytes restoration are the challenges
associated with deep and fast-flowing water. Streamflow is extremely dynamic, with depth and
flow changing very quickly due to precipitation. From a safety and logistical standpoint,
restoration cannot be attempted during many periods of the year due to unsuitable flows. In
general, the literature has shown that macrophyte restoration success is highest in streams under
an open canopy with water depth less than one meter and flow velocity less than 0.4 m/s (Larned
et al., 2006; Riis et al., 2009). Additionally, Suren (2009) found that streams with high flow
variability are not ideal restoration sites. Other stream characteristics that can increase restoration
4

success include higher stream roughness and the presence of other stream vegetation that can act
as a retention agent (Riis & Sand-Jensen, 2006). While neighboring plants can have a negative
effect on plant restoration through competition for limiting resources, positive or facilitative
effects of neighboring plants, known as the nurse plant effect, can also occur (Ren et al., 2008).
Bormann (2006) hypothesized that nurse plants could facilitate restoration success by reducing
macrophyte mortality caused by high flows and herbivory. However, the inverse of this was
observed, as plant survival was greatly reduced when macrophytes were transplanted near
invasive macrophytes, but this relationship may be different when planting near native
macrophytes or when tested in a more variable flow regime (Bormann, 2006). Research has also
shown that restoration success can also be increased by planting mats of macrophytes versus
individuals, using of a flow regulator such as a piece of plywood when planting, and securing
new transplants with heavy cobble or rebar (Bormann, 2006; Riis et al., 2009).
Piedmont Stream Macrophytes
Within the southeastern United States, there are various stream macrophytes that provide
the previously described ecosystem functions, albeit very few have been studied. Moreover,
when the geographic focus is narrowed to mid-order streams of Piedmont physiographic
province, the number of identified macrophytes important to instream habitat is extremely
limited. Most relevant research focuses on Podostemum ceratophyllum, commonly known as
hornleaf riverweed. P. ceratophyllum is considered a foundation species of mid-order Piedmont
streams and is found growing on course substrates in shallow, fast-flowing stream segments
(Wood & Freeman, 2017). Some of the highlighted ecosystem functions of P. ceratophyllum that
corroborate the overall stream macrophyte literature include high productivity (Hill & Webster,
1984), correlation with high macroinvertebrate species richness and biomass (Hutchens et al.,
5

2004), and significantly reduced flow velocities within its beds (Grubaugh & Wallace, 1995),
which causes sediment deposition (Sand-Jensen, 1998) and reduced turbidity downstream
(Madsen et al., 2001). P. ceratophyllum has been declining throughout its range, with modified
hydrological regimes, increased sedimentation, and reduced water quality the main causes
(Wood & Freeman, 2017). These overarching causes of habitat degradation and subsequent
population decline are shared with a less studied stream macrophyte, Hymenocallis coronaria.
Hymenocallis coronaria
Background and Distribution
Hymenocallis coronaria (J. LeConte) Kunth (Amaryllidaceae), commonly known as the
rocky shoals spider lily, Cahaba lily, or shoals spider lily, is a perennial and emergent
macrophyte found in shallow, fast-flowing streams with open canopies located at or slightly
above the fall line in Alabama, Georgia, and South Carolina (Davenport, 1996). Fall line geology
creates bedrock shoals (see study area description), a unique and endangered habitat that is
geographically limited to certain streams of the Piedmont, Ridge and Valley, and Cumberland
Plateau physiographic provinces of the southeastern United States (Markwith & Parker, 2007).
Like other Hymenocallis or “spider lily” species, H. coronaria is well known for its beautiful and
fragrant white flowers that measure 3 inches in diameter (Davenport, 1996). Its floral structure is
defined by a green nectar tube, white tepals, a white, cup-shaped corona with a yellow-green
center, and six stamens (Davenport, 1989). The long and leathery leaves are strap-like, and its
flower stalk is tall and robust, terminating with 3-12 flower buds (Davenport, 1989).
Hymenocallis coronaria directly translates to “beautiful crown-like membrane” (Davenport,
1996) and its charismatic natural beauty attracts a unique amount of public interest compared to
other macrophytes. To this point, H. coronaria is considered a cultural symbol and indicator
6

species for free-flowing fall line streams (Davenport, 1996). This interest has led to H. coronaria
being used for ecotourism (e.g., SCDNR, rafting companies, local communities), which has
contributed to its conservation and to a certain extent, restoration. Despite a strong grassroots
push for its conservation, there have been very few scientific studies focusing on H. coronaria,
with restoration and habitat research particularly lacking.
H. coronaria was first discovered in 1773 by William Bartram in the Augusta Shoals of
the Savannah River (Bartram, 1791), where they are still extant. There are roughly 65 known
populations of H. coronaria, although this is likely an underestimation due to inconsistencies in
survey efforts and the definition of a population. The 65 documented populations are spread
across most of the major drainage basins within its range (Figure 1.1). The world’s largest
population is located at Landsford Canal State Park on the Catawba River and is closely
followed by the Hargrove Shoals population within the Cahaba River National Wildlife Refuge
(Davenport, pers. comms.). Starting with the most northeastern population and moving in a
general west by southwest direction, H. coronaria has been documented in the following major
watersheds: Catawba, Broad, Savannah, Flint, Chattahoochee, Tallapoosa, Coosa, Cahaba, and
Black Warrior (Davenport, 1996). Its distribution is considered disjunct because it is absent from
two major drainage basins in Georgia (Ocmulgee and Oconee) and one in South Carolina
(Saluda) (Markwith & Parker, 2007). The range gap in Georgia lines up with the Atlantic/Gulf
drainage gap, with all watersheds to the east of the gap emptying into the Atlantic Ocean and all
watersheds to the west emptying into the Gulf of Mexico (Markwith et al., 2009). This has led
researchers to divide H. coronaria into east and west subranges, with genetic analysis showing
enough divergence to consider the subranges different subspecies, although this is not an official
taxonomic distinction (Markwith & Parker, 2007). It is hypothesized that the uninhabited basins
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across the species full range had populations before flow modification from dam construction
(Davenport, 1996). However, this cannot be known with certainty because a major survey of H.
coronaria populations was not conducted until Davenport’s 1990 demographic study.
Life History
H. coronaria has a unique and specific life history that is adapted to the shoal habitat it is
restricted to. Plants usually first appear growing out of shoals in late March, with leaves shooting
out of bulbs that are anchored within the shoal substrate (Gordon & Wear, 2011). The plants
grow to their full height by late April and are very resistant to flood events that can completely
inundate plants during this period (pers. obs.). Anthesis can begin as early as late April and can
occasionally continue into early September (Gordon & Wear, 2011) with peak flowering
normally occurring from mid-May to mid-June (L. Davenport, pers. comms.). It is suspected that
late spring floods can delay and reduce peak flowering, causing annual variation in the timing
and density of blooms (pers. obs.; B. Stringer & L. Davenport, pers. comms.). Individual flowers
open one at a time for consecutive evenings until all the buds on each scape have bloomed, with
each flower senescing after only 1 or 2 days (Davenport, 1996; Gordon and Wear, 2011). After
pollination and fertilization have occurred, the ovaries swell until they split and form large,
succulent, oblong green seeds. When mature, the photosynthetic seeds fall off the scape and sink,
where they either establish within or next to the mother plant or get dispersed downstream via
streamflow. If suitable hydrology and substrate characteristics are present (Merritt & Wohl,
2002), this hydrochory lodges seeds in shoal crevices, where they form contractile roots and a
bulb that keep them anchored to the stream substrate (Gordon & Wear, 2011). Although many
pollinators have been observed visiting the flowers (Campbell et al., 2014) and seed production
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is often prodigious, the plant also can reproduce asexually through the formation of ramets,
creating large clonal clumps that can cover entire shoals (Davenport, 1989).
Apomixis, the production of seeds without pollination, has also been hypothesized due to
the unlikelihood that the prodigious seed production of large populations is due to pollination
alone (Davenport, 1996). However, field experiments has not supported this hypothesis, with
covered flowers showing no development of ovary development (Wrona et al., 2007). This may
indicate that pollination is more extensive than previously thought, which is supported by the
variety and amount of pollinator visitors observed in the Landsford (Campbell et al., 2014) and
Flint River populations (Graham, 2010). These studies were very important in formally
examining the pollinator ecology of H. coronaria because it was previously thought that the
flower fell into a pollinator syndrome called sphingophily. A pollinator syndrome is a collection
of evolved floral traits that make a flower attractive to a certain group of pollinators (Graham,
2010). Sphingophily specifically refers to pollination by hawkmoths and is defined by nocturnal
opening and pale flowers, heavily scented nectar, and long nectar tubes (Grant, 1983). H.
coronaria flowers do meet this description and although Graham (2010) and Davenport (1996)
did observe hawkmoths visiting H. coronaria, they also noted many other pollinators visiting the
flowers. Davenport (1996) found nocturnal pollination visits to be rare overall, leading to his
previously mentioned hypothesis of apomixis. Graham (2010) did not find a significant
difference in day and night pollination rates for H. coronaria, with hummingbirds and
bumblebees being the most prevalent during the day and hawkmoths dominating the night
visitation. This study concluded that while hawkmoths certainly play a large role in H. coronaria
pollination, hummingbirds and other day feeders likely play a large role as well (Graham, 2010).
Campbell and others (2014) noted a large diversity of flower visitors, different visitors being
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attracted to different parts of the flowers, and that flower visitation was most prevalent in the
morning hours. They also observed many species with pollen on their wings and bodies,
potentially leading to inadvertent pollination. Of interest is the observation of red-wing
blackbirds (Agelaius phoeniceus) foraging in and disturbing H. coronaria patches, leading to
pollen being dispersed to other parts of the same plant or other flowering plants. This could
result in non-traditional pollination or allow other pollinators to access to the pollen (Campbell et
al., 2010). Overall, these studies provided strong evidence that H. coronaria does not fit into a
pollinator syndrome and relies more on the entire pollinator community (Campbell et al., 2010;
Graham, 2010), essentially eliminating pollination limitations as a reason for its decline.
The seeds of H. coronaria share many traits with other Hymenocallis species, particularly
its sympatric relative, H. occidentalis. Whitehead and Brown (1940) examined H. occidentalis
seeds in detail with the following ecologically relevant observations also being true of H.
coronaria seeds: absence of a dormant period; presence of chlorophyll; extremely developed
vascular system in the integument including stomates necessary for photosynthesis; increasing
weight of the of the seed as it matures causes the flowering scape to droop down towards the
water surface, where the seed is eventually shed; positively geotropic tendencies, which means
that the hypocotyl always emerges from the end of the seed that is resting on the substrate;
presence of sufficient protein and sugar content within the seed to support development and
elongation of the hypocotyl; and roots, shoots, and a bulb develop from this hypocotyl while still
attached to the seed, leading many to consider the seed a bulbil or a bulbiform seed. Despite
similarities in seed characteristics and flower appearance, H. coronaria can easily be
distinguished from H. occidentalis by its sinking seeds, distinct shoal habitat, and May-June
blooming period, which is contrasted by H. occidentalis’ floating seeds, swamp habitat, and
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August-September blooming period (Davenport, 1996). Although H. coronaria and H.
occidentalis have been observed to hybridize in greenhouse experiments, they do not produce
flowers, further distinguishing the two species (Joye & Smith, 1993).
Conservation History
H. coronaria populations declined concurrently with their required shoal habitat
throughout the 20th century due to flow modification from hydroelectric dam construction and
water quality degradation from watershed-scale land use changes (Lydeard & Mayden, 1995;
Davenport, 1996; Wrona et al., 2007; Gordon & Wear 2011), with some extirpated completely
(Davenport, 1997). An emerging threat is herbivory by white-tailed deer (Odocoileus
virginianus), who preferentially browse on H. coronaria stems, causing stress and sometimes
mortality (Aulbach, 2007; Gordon & Wear, 2011). The degree of these threats varies across the
species range, but with Southeast streams expected to be continually stressed by the highest
human population growth rate in the country (Sun et al., 2008) and the regionally magnified
effects of climate change (Dosdogru et al., 2020), it is likely that these threats will continue to
impact H. coronaria. To this point, H. coronaria was submitted for protection under the U.S.
Endangered Species Act in 1980 but was ultimately rejected due to there being enough healthy
populations spread across its range and genetic similarity to its sympatric relative H. occidentalis
(L. Davenport & H. Brown, pers. comms.). H. coronaria has long had a confusing species status,
with it often being treated as synonymous with other southeastern Hymenocallis species, until it
was officially declared a distinct species by Smith and Garland (2003). Lacking a federal
conservation distinction, each state’s Natural Heritage Program lists H. coronaria as imperiled,
although this distinction affords minimal protection. However, two exceptions are the previously
mentioned protected areas at Landsford Canal State Park and Cahaba National Wildlife Refuge,
11

which were partially established to protect the shoals and extensive H. coronaria located there.
Besides these exceptions, most conservation is conducted by non-profit organizations.
Genetics
The majority of H. coronaria scientific literature comes from a suite of studies led by Dr.
Scott Markwith that focused on conservation genetics. A reduction in the genetic diversity and
distribution of aquatic fauna in the southeastern United States has been primarily attributed to
dam construction and subsequent flow modification (Lydeard & Mayden, 1995). Markwith and
his collaborators attempted to show a similar trend in macrophytes, with H. coronaria being used
as the model species. However, genetic diversity across basins inhabited by H. coronaria was
not correlated with anthropogenic modification and genetic diversity was not correlated with
population size (Markwith & Parker, 2007). This does not eliminate the possibility of
populations being negatively impacted by flow modification because of the long-life span and
asexual reproductive abilities of H. coronaria. These factors indicate that there may be lag time
before the consequences of flow modification are observable within a population (Markwith &
Parker, 2007). H. coronaria has also been observed to be amphibious, often found growing in
substrate above the water level during normal summer baseflow (Markwith & Parker 2007, pers.
obs.). This amphibious capability could indicate that H. coronaria is more resistant to flow
regime modification than submerged macrophytes (Markwith & Parker, 2007).
Genetic analysis of H. coronaria populations have shown high diversity between the two
distinct subranges, indicating that gene flow between the two regions has been severed for a
substantial amount of time (Markwith & Parker, 2007). This has been hypothesized to be caused
by the closing of the Suwannee Strait, an ancient geological trough that connected the Atlantic
Ocean and the Gulf of Mexico (Markwith et al., 2009). It is theorized that ichthyochory, the
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dispersal of seeds by fishes, played a key role in gene flow while this trough was open and
genetic analysis estimates that the divergence started around the same evolutionary time as the
closure of the trough (Markwith & Scanlon, 2007). Low genetic diversity was observed within
the distinct regions (Markwith & Parker, 2007) and there was not a clear increasing trend in
diversity in the downstream direction (Markwith & Scanlon, 2007). This observation indicates
that H. coronaria does not fit the expected model of hydrochory-facilitated gene flow in the
downstream direction for macrophytes (Ritland, 1989). However, the lack of downstream gene
flow indicates that bidirectional gene flow events may be occurring over evolutionary time due
to pollination and various types of zoochory, such as dispersal by waterfowl (Markwith et al.,
2009). It is likely that the significant geographic distance between populations and physical
barriers, such as hydroelectric dams, limits the effects of hydrochory (Markwith & Scanlon,
2007). The sinking seeds of H. coronaria likely require extreme flow velocities to remain in
suspension long enough to be dispersed over long distances and even then, it is very unlikely that
they will be deposited in a suitable microhabitat.
The dispersal mechanism of vivipary, defined as the precocious and continuous
development and growth of an offspring embryo while still attached to the mother plant (van der
Pijl 1982), has also been proposed as the primary form or dispersal for H. coronaria (H. Brown,
pers. comms.). Vivipary is quite prevalent for tropical Hymenocallis species and there are some
shared viviparous characteristics between the seeds of H. coronaria and these relatives including
the thick, vascularized integument, absence of a dormant period, and the early splitting of the
pericarp and continued development while still attached to the plant causing the scape to bend
down towards the substrate (van der Pijl, 1982). However, tropical shore species of
Hymenocallis deposit their seeds directly into the substrate and grow while still attached to the
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mother plant, which has not been observed to happen in H. coronaria (pers obs.; C. Aulbach &
L. Davenport, pers. comms.). This can be explained by the fact that H. coronaria seeds are often
detached by stream flows once this drooping occurs, as well as the low likelihood of the habitat
being suitable where the inflorescence would naturally implant a seed. While the Hymenocallis
genus is textbook-defined as viviparous, it is likely that the unique lotic and shoal habitat
characteristics of H. coronaria caused the species to diverge from the true vivipary of the lentic
and shore habitat dwelling members of the genus.
The genetic research focused on H. coronaria has significant management implications,
especially when considering restoration. Markwith and Parker (2007) recommend that
restoration efforts should strive to maintain genetic diversity and not artificially mix genes from
the eastern and western regions. Improper restoration could lead to homogenization of the
regional genotypes and ruin the naturally occurring allopatric divergence, reducing the fitness of
H. coronaria on the population and species scale (Markwith & Parker, 2007). Therefore, the
authors recommended that conservation should be targeted at the basin scale so unique
haplotypes can be preserved. Before this seminal genetic analysis of H. coronaria, there were
limited restoration efforts that both moved genes into different drainage basins and into unnatural
habitat, and this is possibly still occurring to some extent. When considering H. coronaria
restoration, it is important to emphasize scientific integrity regarding genetics and natural habitat
suitability by increasing education on these issues, protecting seed sources, and encouraging
science-based restoration. Currently, the only other known restoration of H. coronaria is
occurring on the Chattahoochee River in Columbus, Georgia through a collaboration between
Nearly Native Nursery, Whitewater Express, and the Chattahoochee River Conservancy.
Personal observations of this project indicate that this community-based project is following the
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best practices for genetic conservation, although the physical habitat characteristics (e.g., flow
regime and substrate) of their restoration sites are significantly degraded by an upstream
hydroelectric dam. Future restoration and conservation efforts should focus on populations with
both high genetic diversity and spatial connectivity with other populations (Markwith & Parker,
2007). The isolated nature of many H. coronaria populations means gene flow is often limited,
leading to genetic drift, clonal reproduction, and inbreeding, leading to reduced genetic variation.
This can reduce a populations ability to adapt to habitat degradation, however species that are
naturally restricted to specific habitats may have evolved to resist the negative impacts of low
gene flow (Markwith & Parker, 2007).
H. coronaria in the Savannah River Watershed
The remainder of this chapter will focus on providing background relevant to H.
coronaria in our study stream, Stevens Creek, a fall line tributary of the Savannah River. The
Savannah River has historically been important to H. coronaria because the species was first
discovered there, with genetic analysis showing that populations on the river’s mainstem carry a
haplotype that is ancestral to all haplotypes in both regions (Markwith & Parker, 2007).
Additionally, the Savannah basin has the highest overall genetic diversity of any drainage basin
across the species’ range (Markwith & Scanlon, 2007), making the watershed a high priority for
conservation. Unfortunately, the Savannah River is one of the most heavily modified rivers in the
Southeast, with hydropower, flood control, and recreation being the primary reasons (Wrona et
al., 2007). At least 15 shoals on the Savannah mainstem have been submerged by the formation
of reservoirs, likely extirpating H. coronaria populations before Davenport’s 1990 demographic
survey (Gordon & Wear, 2011). Currently, the Savannah mainstem has four remaining
populations, three in the Augusta Shoals, one of which resides in the type locality of H.
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coronaria, and one directly downstream of the I-20 bridge near Augusta, GA (Davenport, 1997).
Gordon and Wear (2011) studied one of the Augusta Shoals populations in great detail and
concluded that the population is declining because dam operations are causing plants to be
submerged during flowering and severe herbivory impacts by white-tailed deer, both of which
inhibit sexual reproduction and seedling establishment. The Savannah River watershed also
contains H. coronaria populations in two tributary streams, the Broad River (GA) near its
confluence with the Savannah, and our study stream, Stevens Creek (SC).
H. coronaria in Stevens Creek
Past surveys for H. coronaria have identified one major population on Stevens Creek,
located just downstream of the SC 283 bridge, 2 miles east of Plum Branch. This population is
adjacent to Parks Mill, a non-functional early 20th century grist mill and is approximately 280
meters downstream from a small low head dam built to facilitate hydropower for the mill (more
details in study area description). This population is considered the second-largest in South
Carolina, only trailing the massive population at Landsford Canal. This robust population
borders the west bank of the creek and consists of an almost entirely monospecific and
continuous stand, measuring approximately 5 meters wide and 90 meters long (Davenport,
1997). The stand is growing out of shale cobble, boulder, and bedrock, and while most of the
population receives full sun, many thriving clumps are under the shade of riparian trees. Gordon
and Wear (2011) studied this population, concluding that water quality, herbivory, pollination,
flow rates, and water depth do not appear to be limiting the health of the population. Like
Davenport (1996), they observed that high flows during anthesis caused many flowers to lose
their anthers, although the expected reduction in sexual reproduction did not seem to impact the
population, indicating asexual reproduction is prevalent (Gordon & Wear, 2011). They also
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observed that extreme low flows after seedling establishment led to substantial seedling
mortality, potentially due to anoxic conditions and resource competition caused by the high
production and accumulation of Lemna spp. and Cladophora spp. (Gordon & Wear, 2011).
The genetic structure of the Parks Mill population was examined as part of Markwith and
his collaborator’s (2007) analysis of H. coronaria genetic diversity across the species range,
which led to some ecologically relevant observations. First, the population was determined to be
monomorphic for a haplotype that was not found in any other populations across the species
range. Second, the population was determined to have the lowest diversity of any population and
its haplotype to be more similar to those of the Broad (SC) and Catawba drainage basins than the
Savannah drainage basin (Markwith & Parker, 2007; Markwith & Scanlon, 2007). The
population has been hypothesized to have been established through a colonization event in which
a few seeds from another basin were somehow transported into Stevens Creek, with waterfowl
(Figuerola & Green, 2002) and humans being the most likely migration vectors. Genetic
evidence indicates that the population then rapidly expanded, showing a clear founder effect
(Markwith & Scanlon, 2007). Third, the Parks Mill population is too geographically isolated for
its genes to reach any downstream Savannah mainstem populations and no populations are
located upstream (Markwith & Scanlon, 2007). Lastly, Stevens Creek also provided clear
evidence that H. coronaria population size is not correlated with genetic diversity, since the
population is relatively large and has extremely low diversity (Markwith & Parker, 2007). The
population has been observed to be continually expanding in the last 30 years, with many new
clumps established during this time (pers comms. with previous researchers and site stewards).
The unique haplotype and isolated location make it a high priority population to monitor the
ecological consequences of founder effect, genetic drift, and potential bottlenecks.
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While the Parks Mill population is by far the largest and most studied population on
Stevens Creek, other small populations of H. coronaria occur within the stream segment
between the SC 283 bridge and the Upper Mill Road bridge. These populations established from
seeds dispersed from the prodigious Parks Mill population, with population sizes ranging from 1
individual plant to shoal sections that have ca. 50 individuals, some of which are large clumps. It
is likely that these populations were formed through hydrochory, but human or waterfowl
transport cannot be discounted. There are more inhabited shoals than uninhabited shoals
downstream of Parks Mill, and it is likely that high flow events are necessary to move the
sinking seeds through a pool to another suitable shoal. Prolonged and extreme high flow events
would then be needed to move seeds through multiple pool/shoal sequences, which likely has
occurred considering the largest downstream population is over 5 stream kilometers away from
Parks Mill. These extreme dispersal events would need to be followed by a prolonged period of
normal or low streamflow for seedlings to establish roots (Aulbach, 2007).
Stevens Creek
Savannah River Watershed
Our study area is specifically an eight-kilometer segment of Stevens Creek, with certain
shoals and microhabitats important at finer scales. To understand the ecology of that specific
stream segment and the finer habitat scales nested within it, one must first consider the ecology
of the overarching major drainage basin (Frissell, 1986). The Savannah River is a major
watershed of the southeastern United States, draining more than 27,000 km2 of land in North
Carolina, South Carolina, and Georgia (Wrona et al., 2007). With its headwaters in the Blue
Ridge Mountains, the Savannah River forms officially at the confluence and subsequent
damming of the Seneca and Tugaloo Rivers at Lake Hartwell, and flows southeast for
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approximately 312 miles, emptying into the Atlantic Ocean near Savannah, Georgia (Moak et al.,
2010). The Savannah drainage basin has incredibly high biodiversity, especially for native fish
species (Wrona et al., 2007). Unfortunately, the Savannah River is also one of the most modified
and stressed river systems in the entire United States, being managed intensely for hydropower,
flood control, and recreation (Moak et al., 2010; Wrona et al., 2007). Modification has been
particularly severe in the Piedmont region of the watershed, with three large hydroelectric dams
significantly altering the flow regime (Wrona et al., 2007). Studies have shown that flows are
unnaturally consistent across seasons and daily flow variation is high due to hydroelectric power
demands (Moak et al., 2010), with anthropogenic water demands in the watershed only expected
increase due to climate change and continued population growth (Sun et al., 2008; Wrona et al.,
2007). Of ecological concern is the reduction in peak flows, increase in low flows, and the
overall unnatural flow cycles (Moak et al., 2010; Wrona et al., 2007). Stream ecosystems of the
Savannah River have been further stressed by changes in land cover, particularly through
deforestation and reforestation (Zurqani et al., 2018), urbanization, and an overall decline in
vegetation and water cover (Twumasi & Merem, 2008). These flow modifications and land cover
changes have significantly degraded and destroyed the shoal habitat of H. coronaria in the
Savannah River (Gordon & Wear, 2011; Wrona et al., 2007). While collaborative research
efforts have pushed for an increased emphasis on natural resource management in the Savannah
River through increased use of ecological flows (Wrona et al., 2007), the greatest detriment to H.
coronaria populations, dam construction, cannot be reversed or realistically mitigated. While
conservation efforts focused on the Augusta Shoals populations should not be dismissed, our
research will focus on H. coronaria in Stevens Creek, a free-flowing and considerably less
anthropogenically stressed tributary of the Savannah River.
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Stevens Creek Watershed
Stevens Creek receives ground and surface water inputs, with its groundwater primarily
coming from the Piedmont Bedrock aquifer, with flow inputs being greater in areas with bedrock
fractures (USGS). Stevens Creek forms southeast of McCormick, South Carolina through the
confluence of its primary surface water inputs, Hard Labor and Cuffytown Creeks. Soon after its
formation, the creek receives input from its first major tributary, Rocky Creek (Persimmon
Branch), and flows south/southeast for four kilometers without any major inputs before entering
our stream segment of study. This segment can be delineated using the Parks Mill dam or the
SC-283 bridge as the upstream boundary and the Upper Mill Road bridge as the downstream
boundary. Within the segment, the creek receives input from one minor named tributary, Plum
Branch, and seven minor unnamed tributaries. After passing under the Upper Mill Road bridge
the creek accepts drainage from two of its largest tributaries, Byrd Creek and Turkey Creek,
significantly changing the hydrology and ecology of the river (W. Wood, pers. comms.). Stevens
Creek continues flowing in meandering southern fashion until it empties into the Savannah
River, just north of Augusta, Georgia. Before discussing the unique ecology of our study
segment, the overall characteristics of the Upper Stevens Creek watershed will be discussed.
Upper Stevens Creek Watershed
The Upper Stevens Creek watershed is defined as the land drained by Stevens Creek and
its tributaries until the creek’s confluence with Turkey Creek (SCDHEC, 2012). The total area of
the watershed is 159,297 acres, with land use/land cover analysis showing 69.3% forested,
21.0% agriculture, 7.2% urban, 1.9% swamp, 0.3% barren, and 0.3% water, respectively
(SCDHEC, 2012). The dominant forest type is by far intensely managed loblolly pine (Pinus
taeda) plantations, but natural mixed pine-oak and oak-hickory stands are also present (USFS &
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TNC, 2014). From a historical land use perspective, most forested land was converted to
agriculture for cotton production after the invention of the cotton gin in 1793 (Trimble, 1974).
Over the next 100+ years, crude and unsustainable agricultural practices in the watershed led to
dramatic soil erosion and severe aggradation of streambeds, often up to several meters (Trimble
1974). Starting around 1920, agricultural land was abandoned due to losses in soil fertility, boll
weevil infestations, and stricter soil conservation laws (USFS & TNC, 2014). This abandoned
land has now been converted back to forested cover, through either natural regeneration or
plantations, causing streambeds to switch to degradation processes and downcut through
historical fine sediment (Trimble, 1974; USFS & TNC, 2014). The watershed has a restored
riparian buffer throughout, most likely planted as part of the soil conservation initiatives that
followed the end of the cotton production era. Gold was discovered under the current site of the
town of McCormick around 1850 and gold mining played a significant role in the economy and
land use of the area for the next 80 years (McCormick County Chamber of Commerce, 2022).
High water quality has been identified as a key characteristic of streams that support H.
coronaria populations (Davenport, 1996). Compared to more anthropogenically impacted
streams, Upper Stevens Creek has relatively excellent water quality. However, there are still
several important parameters of concern that could affect H. coronaria populations. SCDHEC
maintains a water quality monitoring station at the downstream boundary of the study segment
and their long-term monitoring efforts have shown an increasing trend in five-day biochemical
oxygen demand (BOD) and pH, a decreasing trend in total phosphorous, and occasional fecal
coliform excursions. The increasing trend in BOD is something that could limit the sustainability
of H. coronaria populations (Davenport, 1996). Potential upstream sources in the watershed that
could be causing this trend include a National Pollutant Discharge Elimination System (NPDES)
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permitted wastewater treatment plant that discharges into Rocky Creek (Persimmon Branch),
livestock manure, and failing septic tanks. The fecal coliform excursions are being addressed
through total maximum daily load plans and, while primarily a human health concern, can also
contribute to increased BOD. High phosphorous concentrations have been a problem in the past
so the decreasing trend in phosphorus is an encouraging sign, indicating that the wastewater
treatment plant has improved its treatment processes (B. Stringer, pers. comms). Timber
harvesting practices may negatively impact water quality by increasing erosion, which causes an
increase in turbidity and sedimentation. Timber harvest occurs frequently within the watershed
and multiple clearcuts have been observed within the study segment during the course of this
study, although best management practices for riparian areas were followed. High turbidity and
sedimentation of shoals has been shown to be a major threat to H. coronaria, through the filling
of the rocky crevices necessary for seedling establishment and reducing the amount of sunlight
that reaches seeds during germination (Davenport, 1996).
The primary geologic formation in the watershed is the Carolina Slate Belt, which gives
the soil and water of the watershed a slightly acidic quality, affecting what types of flora and
fauna are found in the watershed (USFS & TNC, 2014). However, the watershed is also home to
excellent examples of Piedmont basic mesic forest, an endangered habitat that is home to many
rare and threatened plants, including the critically endangered Miccosukee gooseberry (USFS
and TNC, 2014). The best example is found at the Stevens Creek Heritage Preserve, located just
south of the Upper Stevens Creek watershed boundary. The watershed is also home to the
critically endangered Carolina heelsplitter and a variety of other rare mussels and darters that are
endemic to the unique shoal habitat found in the watershed (USFS and TNC, 2014). Because of
this, Stevens Creek has been called “one of the most biologically diverse aquatic systems in all
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of South Carolina” (Alderman, 1998) and ranked amongst the top 15 streams to target for aquatic
conservation in the southeastern United States (Master et al., 1998). The primary reason for this
biodiversity is the presence of bedrock shoal habitat, which will be discussed next.
Bedrock Shoal Habitat, Dams, and Mill History of Upper Stevens Creek
Bedrock shoals are a geographically limited habitat that is only found at or slightly above
the Atlantic Seaboard fall line, which is an escarpment where the Piedmont and Atlantic coastal
plain physiographic provinces meet (Markwith & Parker, 2007). Fall line geology manifests in
streams as bedrock outcroppings, known as shoals, which are characterized by shallow stream
depths, high stream gradients, and coarse, patchy substrates that support high biodiversity and
productivity, particularly in macrophytes like H. coronaria (Kennon, 2007; Davenport, 1996;
Duncan, 2008; Vaughn & Davis, 2015; Wynn, 2012). Unfortunately, because of their high
stream gradients and resulting hydropower potential, shoals have often become the site of
hydroelectric dams. The construction and operation of these facilities has degraded most of this
unique aquatic habitat throughout the Southeast by either covering the shoal upstream of the dam
with a reservoir or disrupting the normal shoal ecosystem function downstream with unnatural
flow cycles (Lydeard & Mayden, 1995; Marcinek et al., 2003).
Shoals in Upper Stevens Creek feature the previously described characteristics but tend to
be shorter and narrower than shoals in larger streams and their bedrock outcroppings often
protrude above the water line in periods of normal and low flow. In addition to H. coronaria, the
Upper Stevens Creek shoals are primarily dominated by American water-willow (Justicia
americana) and hornleaf riverweed (Podostemum ceratophyllum). These macrophytes, along
with the aforementioned substrate heterogeneity, support the high biodiversity of the Upper
Stevens Creek shoals. While never used for hydroelectricity production, the shoals of Upper
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Stevens Creek were used as the site of grist mills and their associated low head dams. These
mills harnessed the creek’s swift flows to mechanically grind corn and other grains, becoming
popular in the late 19th century. The construction of these mills most likely coincided with an
increase in local corn production due to cotton farming becoming less lucrative (McCormick
County Chamber of Commerce, 2022). There are two remaining historically preserved examples
of grist mills on Upper Stevens Creek, Price’s Mill and Parks Mill. Price’s Mill is located soon
after Stevens Creek’s confluence with Byrd Creek and is listed on the National Historic Register.
Most of the mill and dam’s original structure and functionality is still intact and the mill was
operated into the 21st century (W. Wood, pers. comms.). Parks Mill is an essential feature in the
study segment and will be discussed in greater detail in the following section. Conversations
with locals indicate that there was also a grist mill located near the study segment endpoint,
Upper Mill Road, and the road’s name references its upstream location relative to Price’s Mill
(K. Self pers. comms.). The construction of these mill’s dams likely flooded and covered
upstream shoals with ponded water and sediment, but downstream flow regimes remained
relatively natural compared to hydroelectric dams, especially after the mills ceased operation.
Study Stream Segment
The sub-watershed that our study segment drains is almost entirely made up of loblolly
pine plantations, with hardwood riparian buffers bordering the stream. The only major deviation
from this land use is an approximately 1.25 km2 disturbed area that was cleared by a hunt club to
plant food plots, which creates approximately 1 kilometer of edge habitat along this portion of
the segment (Figure 1.2) that likely has artificially increased the local white-tailed deer density
(K. Self and W. Wood, pers. comms.). There also is an active NPDES permit in the subwatershed for a potential mineral mine that has yet to be implemented due to opposition from
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local residents with concerns about potential negative impacts to the creek (W. Wood, pers.
comms.). However, since the permit is still active the quarry could still be dug, which could
negatively affect water quality through chemical and heavy metal pollution, increased sediment
inputs from deforestation, and stormwater discharge impacts. Conversely, an extensive 2007
survey of H. coronaria and its habitat in Stevens Creek examined the potential impacts of the
mining operation and concluded that the stormwater discharge could be beneficial to H.
coronaria by supplementing natural flows during drought periods (Aulbach, 2007). The water
quality described for the greater watershed also generally applies to the study segment because
the DHEC monitoring station is located at the downstream end of the segment. However,
Aulbach (2007) suspected that a water quality change was causing increased filamentous green
algae (Pithophora sp.) blooms approximately 1.5 kilometers into the study segment and
hypothesized that the cause was excess nutrient inputs from an unnamed tributary upstream.
The number of shoals that bisect the creek in our stream segment is abnormally high,
making this segment ecologically and geologically unique (W. Wood, pers. comms.). We
surveyed the segment via kayak in May 2021 to determine H. coronaria distribution and density.
We identified 22 unique shoals in the segment, 16 of which contained H. coronaria (Figure 1.2).
Our primary focus within the segment was three study shoals (Figure A-1) that are distributed
throughout the segment and feature varying levels of H. coronaria density (high, moderate, and
low). The first study shoal is located adjacent to Parks Mill. It is estimated that the mill was built
in the early 20th century and it still contains the original, but non-functional, hydropower
structure including a raceway canal, penstock, and drivetrain. Locals indicated that a smaller,
more primitive mill was operated just upstream of the current mill’s location until it was
destroyed by a major flood. The current mill ceased operation in the 1940’s and the mill building
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itself was modified into living quarters in the 1970’s but has since been abandoned. Before
Stevens Creek arrives at the Parks Mill shoal, it passes over a small, gated impoundment built to
divert water to the grist mill. While not actively being managed, this low head dam is intact and
still ponds water and sediment and modifies flows to a certain degree. Shoal habitat begins
approximately 125 meters downstream of the dam and continues for about 410 meters, an
exceptionally long shoal for this segment. The shoal’s average wetted width is 19 meters, and its
stream gradient is .0060 m/m. The shoal at Parks Mill is home to the second-largest population
of H. coronaria in South Carolina, only surpassed by the world’s largest population located at
Landsford Canal State Park on the Catawba River (B. Stringer, pers. comms.) and serves as our
high-density study shoal. Recently, the 5.2 hectare Parks Mill property was purchased for
permanent preservation by Naturaland Trust with support from South Carolina Native Plant
Society (SCNPS), South Carolina Conservation Bank, and Upper Savannah Land Trust. The site
is managed by SCNPS, who aims to protect the H. coronaria population and its shoal habitat,
while also preserving the mill structures for historical purposes. Besides the mill, most of the
property is covered by mature pine and mixed hardwoods stands that features excellent floral
diversity, with over 300 different plants documented (D. Whitten, pers. comms.).
This robust Parks Mill population is one of three colonies on Stevens Creek originally
documented as a State Heritage Program Trust sites for H. coronaria. The colony begins along
the west margin (stream right) of the creek and follows the right margin as the stream bends
west/southwest (Davenport, 1997). This colony has been documented and studied by a variety of
researchers, starting with Dr. Larry Davenport, who visited the shoal for his demographic study
in 1990 and again in 1997. He noted that the colony was an almost entirely monospecific and
continuous stand, estimating its size to be 5 meters wide and 90 meters long (Davenport, 1997).
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Aulbach (2007) determined the colony to be roughly the same length as Davenport but indicated
the colony had expanded to be approximately 7 meters wide, noting that it occupied nearly half
of the stream channel at its widest point. This survey also documented the presence of four
smaller, patchy colonies of H. coronaria along the right margin just downstream of the main
colony (Aulbach, 2007). Their report also emphasized the importance of a small island of silt
with a small American sycamore (Platanus occidentalis) in the middle of the colony, which the
author states are common in large colonies (Aulbach, 2007). Gordon and Wear (2011) compared
environmental and life history characteristics of the Parks Mill colony and a declining colony in
the Augusta Shoals. They concluded that the consistent, natural flow regime and low deer
herbivory pressure associated with the Parks Mill shoal were the biggest reasons the colony was
thriving compared to the Augusta Shoals colony. Our 2021 survey efforts indicated that the main
colony remains the same length and has continued to expand towards the middle of the creek
with an average width of nearly eight meters. We also determined that the patchy colony directly
downstream of the main colony has expanded and increased in density and is now difficult to
separate from the main colony. The other patchy colonies are still present and appear to have
expanded in a similar fashion. Additionally, new small patches and individual plants have
established along the right margin between the most downstream patch documented by Aulbach
(2007) and the end of the shoal. Some of these plants are growing in suboptimal silt bar habitat
and appear stressed due to competition from cutgrass (Leersia sp.). We implemented restoration
along the left margin of the shoal, where there is suitable habitat but no H. coronaria. Aerial
imagery of the Parks Mill colony and associated H. coronaria clumps can be found in Figure 1.3.
After flowing out of the Parks Mill shoal, the creek gradient flattens, and water depth
increases as it enters a pool. H. coronaria does not establish in pool habitat due to deep water
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depths and unsuitable substrate for root anchoring. Like the Parks Mill shoal, this pool is
exceptionally long (521 meters) for the stream segment and likely serves as a sink for H.
coronaria seeds dispersed from the Parks Mill colony. Flow velocity is minimal in pools during
normal baseflow, causing seeds to sink to the streambed, where they either decay or are eaten by
fish. However, flood flows entrain seeds, moving them through pools and giving them the
chance to be deposited in downstream shoals. After this long pool is another shoal and this
alternating shoal-pool sequence continues throughout the study segment. The next 7 shoals in
segment are fairly short, but four of them support individual H. coronaria clumps (Figure 1.4). It
is likely that these clumps established through hydrochory, but human or waterfowl transport
cannot be discounted (Figuerola & Green, 2002). The ninth shoal in the segment contains two H.
coronaria clumps and serves as our low density study shoal (Figure 1.5). The shoal is
approximately 155 meters long, which is just below average for the segment. The wetted portion
of the channel in this shoal is wider (33 meters) and its stream gradient is less steep (.0030 m/m)
than the Parks Mill shoal. Aulbach determined that the habitat in this shoal was suitable but did
not observe H. coronaria so these plants have established since 2007. We implemented
restoration throughout the shoal due to the high availability of suitable habitat.
After a short pool, the next shoal is split by a large, forested bedrock island and contains
one H. coronaria clump (Figure 1.6). We selected the river right portion of this shoal for
restoration because its habitat is unique relative to other shoals in the segment, specifically its
high proportion of coarse substrate, shallow water depths, narrow width that leads to a more
closed canopy, and protection from flood flows. After another short pool, the creek flows over
the longest shoal in the segment (418 meters), which contains the fifth-highest density of H.
coronaria in the segment (Figure 1.6). This shoal previously supported three patches of H.
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coronaria, two of which were described as patchy colonies (Aulbach, 2007). We delineated 13
distinct patches and 13 individual clumps within this shoal. Since density was not recorded by
Aulbach (2007), direct comparisons cannot be made, but it appears that H. coronaria has
expanded in this shoal in recent years. The majority of these patches are located downstream of a
massive bedrock outcrop with woody vegetation that diverts flow to either side of it, likely
serving a similar purpose to the silt island of the Parks Mill shoal. The plants in this shoal were
the first in the segment that Aulbach (2007) observed being browsed by white-tailed deer, who
are able to enter the creek during low flow periods and preferentially select H. coronaria,
consuming leaves down to the basal leaves or bulb (Aulbach, 2007). Due to its bulb growth
form, new leaves will often emerge quickly, but they are usually smaller because the bulb’s
energy reserves have been depleted (Aulbach, 2007). Repeated browsing causes increasingly
weaker plants and, when paired with other stressors, may lead to plant mortality (Aulbach,
2007). We also observed deer herbivory impacts to plants along both margins of this shoal.
Aulbach noted that plants in this shoal were also being browsed by aquatic snails (Aulbach
2007). The snails were documented feeding on bulbs that had already been browsed to the bulb
by deer, eventually killing the plant. Aulbach suspected the species to be Goniobasis proxima
based on appearance and habitat. However, it’s possible it could be Goniobasis catenaria
catenaria based on Stevens Creek survey data from Dillon and Keferl (2000) that shows G.
catenaria catenaria occurring extensively and no records of G. proxima. G. proxima is common
in Piedmont and Blue Ridge Mountain streams with coarse substrates and swift-flowing, clean
water, while G. catenaria catenaria is more of a stream habitat generalist of the Piedmont and
Coastal plain of South Carolina that only requires some sort of solid substrate. We documented
aquatic snails throughout the segment in macroinvertebrate surveys and anecdotally observed
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them feeding in great densities on Pithophora during the late summer, but we did not find them
feeding on H. coronaria bulbs. We did not use this shoal as a study shoal due to access logistics.
The next three shoals in the segment contain no H. coronaria and, when combined with
the long pools between them, equal the longest stretch of the creek without H. coronaria (Figure
1.7). This stretch ends with a shoal with one individual clump and is followed by the third and
second-most dense shoals in the segment. The first of these shoals is located adjacent to the start
of the previously described land disturbance and is the second colony previously documented by
the Heritage Program (Figure 1.8). When Aulbach (2007) visited this colony, they noted many
plants had been browsed by deer and appeared stressed by Plithophora blooms, but there was no
evidence of snail herbivory. We visited this shoal during the early growing season and observed
excellent habitat conditions and innumerable H. coronaria plants, but many were small. When
we visited the shoal later in the growing season, nearly all of the plants had been heavily
browsed to the point that the plants were difficult to find and appeared stressed from competition
from other vegetation (Leersia sp. and Justicia americana). Game camera data that we collected
from this site confirmed that the plants were browsed by deer and many photos captured
instances of multiple deer browsing in the creek at a time, including during periods of swift,
albeit shallow, flows (Figure A-2). This herbivory pressure continued throughout the growing
season, resulting in weak plants that never flowered. We used this area of the shoal for
restoration efforts because of its apparent high physical habitat suitability and to examine the
impact of herbivory on restoration success. Besides this stressed colony, there are scattered
patches of H. coronaria on the east margin (stream left) throughout the rest of the shoal. The
main colony of this shoal also has a long, narrow silted island containing a large sycamore,
further reinforcing the importance of an anchor points in large colonies.
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After a very short pool, the creek flows over a shoal that supports the second-highest
density of H. coronaria in the segment (Figure 1.9). The land disturbance continues to the west
of the shoal and some small areas of forest to the east have been cleared for deer food plots. Even
though its density is substantially lower than Parks Mill (1.78 vs. 64.9 stem/m2), we used this
shoal as our moderate-density study shoal because we felt that this density is actually
representative of moderate density and Parks Mill just has a uniquely high density. Additionally,
the landowners adjacent to this shoal were very supportive of our research, allowing consistent
access to the shoal. This colony was not documented by the Heritage Program or Davenport
(1997), but it has been present since at least the 1980’s (K. Self, pers. comms.). The colony has
been decreasing in size and vigor over the past 10-15 years (K. Self, pers. comms.) and Aulbach
(2007) noted that many of the plants appeared stressed from low water levels and deer herbivory.
Besides the shoal’s main colony, which can be delineated into two separate sub-colonies, there
are two additional patches at the downstream end of the shoal. When low flows occur in the late
summer and early fall the wetted width of the shoal narrows and most of the plants are located in
the perched left margin of the shoal with little or no water. This perched margin is likely the
reason the plants established originally, but during low flows it leaves them stressed and
vulnerable to deer herbivory (Figure A-2). A noticeable rebound in density was noted during the
second season of our study, potentially due to more suitable flows. In the absence of long periods
of low flows, deer are unable to access the stream, allowing the plants to flower and produce
seeds, which can lead to newly established plants or clump expansion through seed deposition
within the mother plant. Suitable water level conditions also allow the plant to expand asexually
through the production of ramets. Both of the sub-colonies have a distinct anchor island near
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their center, although they are less distinct than previous examples. We used this shoal for
restoration because of landowner support and its apparent high physical habitat suitability.
The next two shoals have low density and are also located adjacent to the large land
disturbance, which approximately ends after these shoals (Figure 1.10). The last three shoals in
the segment contain moderate densities; sixth, fourth, and seventh-highest in the segment,
respectively (Figure 1.10). The study segment officially ends at the Upper Mill Road bridge, but
we conducted H. coronaria kayak searches for another 2.5 kilometers downstream to Price’s
Mill. The third documented heritage site, which was reported to be directly downstream of the
Upper Mill Road bridge, is no longer present and the habitat does not appear to be suitable
anymore based on substrate and low density of other macrophytes. It’s unclear when the mill and
dam were removed from this location, but it’s possible that it that played a role in the habitat
transition and loss of H. coronaria. The rest of this additional survey segment consisted of a
uniformly broad pool that is unsuitable for H. coronaria establishment. The shoal habitat
downstream of the Price’s Mill dam (Figure 1.11) appears excellent based on substrate, depth,
and the extensive presence of J. americana. Aulbach (2007) found one individual here, but we
were unable to locate it. This shoal provides an excellent opportunity for future work examining
the effect of small low head dams on H. coronaria habitat suitability and restoration success,
although the present density of J. americana may hinder restoration success. We used this shoal
for a side-project testing the effectiveness of seed broadcast as a restoration technique. The
Price’s Mill shoal served as the endpoint for our kayak surveys, but Aulbach (2007) searched all
the way to the SC Highway 23 bridge near Modoc and found no additional H. coronaria plants.

32

References
Alderman, J. M. (1995). Freshwater mussel inventory of the Stevens Creek subbasin, Long Cane
Ranger District, Sumter National Forest. US Forest Service.
Allan, J. D., & Castillo, M. M. (2007). Structure and Function of Running Waters (2nd Edition).
Springer Nature.
Aulbach, C. (2007). Stevens Creek Rocky Shoals Lily Survey. Botanical Services of SC.
Baattrup-Pedersen, A., Riis, T., Hansen, H. O., & Friberg, N. (2000). Restoration of a Danish
headwater stream: short-term changes in plant species abundance and composition. Aquatic
Conservation: Marine and Freshwater Ecosystems, 10, 13–23.
Bakker, E. S., Wood, K. A., Pagès, J. F., Veen, G. F. (Ciska), Christianen, M. J. A., Santamaría,
L., Nolet, B. A., & Hilt, S. (2016). Herbivory on freshwater and marine macrophytes: A
review and perspective. Aquatic Botany, 135, 18–36.
Barrat-Segretain, M. H. (2001) Invasive species in the Rhone river floodplain (France):
replacement of Elodea canadensis by E. nuttallii St John in two former river channels.
Archiv für Hydrobiologie, 152, 237–251.
Barko, J. W., Adams, M. S., & Clesceri, N. L. (1986). Environmental factors and their
consideration in the management of submersed aquatic vegetation: a review. Journal of
Aquatic Plant Management, 24, 1–10.
Bartram, W. (1791). Travels through North and South Carolina, Georgia, East and West
Florida. Library of Congress.
Bormann, R.L. (2012). Native macrophyte restoration in a spring-fed river ecosystem. M.S.
Thesis, Baylor University.
Campbell, J. W., Starring, A. M., & Smith, G. L. (2014). Flower visitors of Hymenocallis
coronaria (rocky shoals spider-lily) of Landsford Canal State Park — South Carolina, USA.
Natural Areas Journal, 34(3), 332–337.
Caraco, N. F., & Cole, J. J. (2002). Contrasting impacts of a native and alien macrophyte on
dissolved oxygen in a large river. Ecological Applications, 12(5), 1496–1509.
Dillon, R. T. Jr., & Keferl, E. P. (2000). A survey of the pleurocerid gastropods of South
Carolina. Proceedings of the First Freshwater Mollusk Conservation Society Symposium,
Columbus, Ohio, 153– 160.
Dawson, F. H., & Robinson, W. N. (1984) Submerged macrophytes and the hydraulic roughness
of a lowland chalkstream. Verhandlungen Internationale Vereinigung fuÈr Theoretische
und Angewandte Limnologie, 22, 1944-1948.
Davenport, L.J. (1989). Reproductive biology of the Cahaba lily (Hymenocallis coronaria).
American Journal of Botany, 76, 97-98.
Davenport, L.J. (1996). The Cahaba lily: Its distribution and status in Alabama. Journal of the
Alabama Academy of Science, 67(4), 222–233.
33

Davenport, L.J. (1997). Re-examination of Hymenocallis coronaria populations. U.S. Fish and
Wildlife Service.
Dosdogru, F., Kalin, L., Wang, R., & Yen, H. (2020). Potential impacts of land use/cover and
climate changes on ecologically relevant flows. Journal of Hydrology, 584, 1-16.
Duncan, W. W., Poole, G. C., & Meyer, J. L. (2009). Large channel confluences influence
geomorphic heterogeneity of a southeastern United States river. Water Resources Research,
45(10), 1–9.
Figuerola, J., & Green, A. J. (2002). Dispersal of aquatic organisms by waterbirds: A review of
past research and priorities for future studies. Freshwater Biology, 47(3), 483–494.
Frissell, C. A., Liss, W. J., Warren, C. E., & Hurley, M. D. (1986). A hierarchical framework for
stream habitat classification: Viewing streams in a watershed context. Environmental
Management, 10(2), 199–214.
Gordon, J. E., & Wear, D. J. (2011). Parameters affecting the success of protected shoals spider
lily, Hymenocallis coronaria, in the Savannah River basin, Georgia. Natural Areas Journal,
31(1), 34–42.
Graham, S. P. (2010). Visitors to southeastern Hawkmoth flowers. Southeastern Naturalist, 9(3),
413–426.
Grant, V. (1983). The systematic and geographical distribution of hawkmoth flowers in the
temperate North American flora. Botanical Gazette, 144(3), 439–449.
Grasmück, N., Haury, J., Léglize, L., & Muller, S. (1995). Assessment of the bio-indicator
capacity of aquatic macrophytes using multivariate analysis. Hydrobiologia, 300, 115–122.
Gregg, W. W., & Rose, F. L. (1982). The effects of aquatic macrophytes on the stream
microenvironment. Aquatic Botany, 14, 309–324.
Grubaugh, J. W., & Wallace, J. B. (1995). Functional structure and production of the benthic
community in a Piedmont river: 1956‐1957 and 1991‐1992. Limnology and Oceanography,
40(3), 490–501.
Harrison, S. S. C., Bradley, D. C., & Harris, I. T. (2005). Uncoupling strong predator-prey
interactions in streams: The role of marginal macrophytes. Oikos, 108(3), 433–448.
Harrod, J. (1964). The distribution of invertebrates on submerged aquatic plants in a chalk
stream. British Ecological Society, 33(2), 335–348.
Henley, W. F., Patterson, M. A., Neves, R. J., & Dennis Lemly, A. (2000). Effects of
sedimentation and turbidity on lotic food webs: A concise review for natural resource
managers. Reviews in Fisheries Science, 8(2), 125–139.
Hill, B. H., & Webster, J. R. (1984). Productivity of Podostemum ceratophyllum in the New
River. American Journal of Botany, 71(1), 130–136.
Humphries, P. (1996). Aquatic macrophytes, macroinvertebrate associations and water levels in
a lowland Tasmanian river. Hydrobiologia, 321(3), 219–233.
34

Hutchens, J. J., Wallace, J. B., & Romaniszyn, E. D. (2004). Role of Podostemum ceratophyllum
Michx. in structuring benthic macroinvertebrate assemblages in a southern Appalachian
river. Journal of the North American Benthological Society, 23(4), 713–727.
James, W. F., & Barko, J. W. (1994). Macrophyte influences on sediment resuspension and
export in a shallow impoundment. Lake and Reservoir Management, 10(2), 95–102.
Joye, D.B., & Smith, G.S. (1993). Biosystematic investigations of a hydrid between
Hymenocallis occidentalis and Hymenocallis coronaria. Cancas, 39, 95-102.
Kail, J., Brabec, K., Poppe, M., & Januschke, K. (2015). The effect of river restoration on fish,
macroinvertebrates and aquatic macrophytes: A meta-analysis. Ecological Indicators, 58,
311–321.
Kennon, R. (2007). Effects of spatial and temporal variability of shoal habitat on stream fish
assemblages in Chattahoochee tributaries, Alabama. M.S. Thesis, Auburn University.
Koetsier, P., & McArthur, J. V. (2000). Organic matter retention by macrophyte beds in 2
southeastern USA, low-gradient, headwater streams. Journal of the North American
Benthological Society, 19(4), 633–647.
Larned, S. T., Suren, A. M., Flanagan, M., Biggs, B. J. F., & Riis, T. (2006). Macrophytes in
urban stream rehabilitation: Establishment, ecological effects, and public perception.
Restoration Ecology, 14(3), 429–440.
Lorenz, A. W., Korte, T., Sundermann, A., Januschke, K., & Haase, P. (2012). Macrophytes
respond to reach-scale river restorations. Journal of Applied Ecology, 49(1), 202–212.
Lydeard, C., & Mayden, R. L. (1995). A Diverse and Endangered Aquatic Ecosystem of the
Southeast United States. Conservation Biology, 9(4), 800–805.
Madsen, J. D., Chambers, P. A., James, W. F., Koch, E. W., & Westlake, D. F. (2001). The
interaction between water movement, sediment dynamics and submersed macrophytes.
Hydrobiologia, 444, 71–84.
Madsen, J. D., & Adams, M. S. (1989). The distribution of submerged aquatic macrophyte
biomass in a eutrophic stream, Badfish Creek: the effect of environment. Hydrobiologia,
171(2), 111–119.
Marcinek, P. A., Freeman, M. C., & Freeman, B. J. (2003). Distribution and abundance of three
endemic fishes in shoals of the upper Flint River system. Georgia Institute of Technology.
Markwith, S. H., Davenport, L. J., Shelton, J., Parker, K. C., & Scanlon, M. J. (2009).
Ichthyochory, closure of the Suwannee strait, and population divergence in Hymenocallis
coronaria. Florida Scientist, 72(1), 28–36.
Markwith, S. H., & Parker, K. C. (2007). Conservation of Hymenocallis coronaria genetic
diversity in the presence of disturbance and a disjunct distribution. Conservation Genetics,
8(4), 949–963.

35

Markwith, S. H., & Scanlon, M. J. (2007). Multiscale analysis of Hymenocallis coronaria
(Amaryllidaceae) genetic diversity, genetic structure, and gene movement under the
influence of unidirectional stream flow. American Journal of Botany, 94(2), 151–160.
Marsh, J. E., Lauridsen, R. B., Gregory, S. D., Kratina, P., Scott, L. J., Cooling, D., & Jones, J. I.
(2021). High summer macrophyte cover increases abundance, growth, and feeding of
juvenile Atlantic salmon. Ecological Applications, 32(2), 1–13.
Master, L. L., Flack, S. R., & Stein, B. A. (Eds.) (1998). Rivers of life: critical watersheds for
protecting freshwater biodiversity. The Nature Conservancy.
McGaha, Y. J. (1952). The limnological relations of insects to certain aquatic flowering plants.
Transactions of the American Microscopical Society, 71(4), 355–381.
McCormick County Chamber of Commerce. (2022). History of McCormick County.
https://mccormickscchamber.org/about/about-mccormick-county/history/
Merritt, D. M., & Wohl, E. E. (2002). Processes governing hydrochory along rivers: Hydraulics,
hydrology, and dispersal phenology. Ecological Applications, 12(4), 1071–1087.
Moak, J. W., Metts, B. S., Sefick, S. A., Eidson, G. W., & Flite, O. P. (2010). Results of an
intensive water quality study of the middle and lower Savannah River basin. Southeastern
Natural Sciences Academy.
O’Briain, R., Shephard, S., McCollom, A., O’Leary, C., & Coghlan, B. (2022). Plants as agents
of hydromorphological recovery in lowland streams. Geomorphology, 400, 1-17.
O’Hare, M. T., Aguiar, F. C., Asaeda, T., Bakker, E. S., Chambers, P. A., Clayton, J. S., Elger,
A., Ferreira, T. M., Gross, E. M., Gunn, I. D. M., Gurnell, A. M., Hellsten, S., Hofstra, D.
E., Li, W., Mohr, S., Puijalon, S., Szoszkiewicz, K., Willby, N. J., & Wood, K. A. (2018).
Plants in aquatic ecosystems: current trends and future directions. Hydrobiologia, 812, 1-11.
Polunin, N.V.C. (1984). The decomposition of emergent macrophytes in fresh water. Advances
in Ecological Research, 14, 115-166.
Ren, H., Yang, L., & Liu, N. (2008). Nurse plant theory and its application in ecological
restoration in lower subtropics of China. Progress in Natural Science, 18(2), 137–142.
Riis, T., & Biggs, B. J. F. (2003). Hydrologic and hydraulic control of macrophyte establishment
and performance in streams. Limnology and Oceanography, 48(4), 1488–1497.
Riis, T., & Sand-Jensen, K. (2006). Dispersal of plant fragments in small streams. Freshwater
Biology, 51(2), 274–286.
Riis, T., Schultz, R., Olsen, H. M., & Katborg, C. K. (2009). Transplanting macrophytes to
rehabilitate streams: Experience and recommendations. Aquatic Ecology, 43(4), 935–942.
Ritland, K. (1989). Genetic differentiation, diversity, and inbreeding in the mountain monkeyflower (Mimulus caespitosus) of the Washington Cascades. Canadian Journal of Botany,
67, 2017–2024.

36

Romero, M. I., & Onaindia, M. (2015). Fullgrown aquatic macrophytes as indicators of river
water quality in the northwest Iberian Peninsula. Finnish Zoological and Bontanical
Publishing Board, 32(2), 91–99.
Sand-Jensen, K. (1989). Environmental variables and their effect on photosynthesis of aquatic
plant communities. Aquatic Botany, 34, 5–25.
Sand-Jensen, K. (1998). Influence of submerged macrophytes on sediment composition and
near-bed flow in lowland streams. Freshwater Biology, 39(4), 663–679.
Sand-Jensen, K., Andersen, K., & Andersen, T. (1999). Dynamic properties of recruitment,
expansion and mortality of macrophyte patches in streams. International Review of
Hydrobiology, 84(5), 497–508.
Smith, G. L., & Garland, M. (2003). Nomenclature of Hymenocallis taxa (Amaryllidaceae) in
southeastern United States. Taxon, 52(4), 805–817.
Soszka, G. J. (1975). Ecological relations between invertebrates and submerged macrophytes in
the lake littoral. Ekologia Polska, 23, 393–415.
South Carolina Department of Health and Environmental Control. (2012). General Description
of Surface Water Quality for Watershed 03060107-01 (Upper Stevens Creek).
https://scdhec.gov/sites/default/files/docs/HomeAndEnvironment/Docs/60107-01.pdf
Sun, G., McNulty, S. G., Moore Myers, J. A., & Cohen, E. C. (2008). Impacts of multiple
stresses on water demand and supply across the southeastern United States. Journal of the
American Water Resources Association, 44(6), 1441–1457.
Suren, A. M. (2009). Using macrophytes in urban stream rehabilitation: A cautionary tale.
Restoration Ecology, 17(6), 873–883.
Twumasi, Y. A., & Merem, E. C. (2008). Geospatial information systems analysis of regional
environmental change along the Savannah River basin of Georgia. International Journal of
Environmental Research and Public Health, 5(1), 54–67.
United States Forest Service & The Nature Conservancy. (2014). Site Conservation Plan for
Stevens and Long Cane Creeks.
van der Pijl, L. (1982). Principles of Dispersal in Higher Plants (3rd Edition). Springer-Verlag.
Vannote, R. L., Minshall, G.W., Cummins, K.W., Sedell, J.R., & Cushing, C.E. (1980) The river
continuum concept. Canadian Journal of Fisheries and Aquatic Sciences, 37, 130–137.
Vaughn, R. S., & Davis, L. (2015). Abiotic controls of emergent macrophyte density in a
bedrock channel - The Cahaba River, AL (USA). Geomorphology, 246, 146–155.
Whitehead, M. R., & Brown, C. A. (1940). The seed of the spider lily, Hymenocallis
occidentalis. American Journal of Botany, 27(4), 199–203.
Wood, J., & Freeman, M. (2017). Ecology of the macrophyte Podostemum ceratophyllum
Michx. (Hornleaf riverweed), a widespread foundation species of eastern North American
rivers. Aquatic Botany, 139, 65–74.
37

Wrona, A., Wear, D., Ward, J., Sharitz, R., Rosenzweig, J., Richardson, J. P., Peterson, D.,
Leach, S., Lee, L., Jackson, C. R., Gordon, J., Freeman, M., Flite, O., Eidson, G., Davis, M.,
& Batzer, D. (2007). Restoring ecological flows to the lower Savannah River: a
collaborative scientific approach to adaptive management. Georgia Institute of Technology.
Wynn, T. D. (2012). Habitat-specific production of a fall line river shoal macroinvertbrate
assamblage. PhD Dissertation, University of Alabama.
Zurqani, H. A., Post, C. J., Mikhailova, E. A., Schlautman, M. A., & Sharp, J. L. (2018).
Geospatial analysis of land use change in the Savannah River Basin using Google Earth
Engine. International Journal of Applied Earth Observation and Geoinformation, 69, 175–
185.

38

Figures

Figure 1.1. County dot distribution map of Hymenocallis coronaria in the southeastern United
States (Davenport, 1996).
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Figure 1.2. Aerial imagery of the eight-kilometer study segment of Stevens Creek, McCormick
County, SC, USA with shoals with and without Hymenocallis coronaria identified. Also of note
is a large land disturbance located in the lower portion of the segment.
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Figure 1.3. Aerial imagery of Study Shoal 1 (high density) within the eight-kilometer study
segment of Stevens Creek, McCormick County, SC, USA. The Parks Mill Hymenocallis
coronaria colony and satellite Hymenocallis coronaria clumps and patches are identified.
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Figure 1.4. Aerial imagery of seven shoals within the eight-kilometer study segment of Stevens
Creek, McCormick County, SC, USA between Study Shoal 1 and Shoal 2. Four of these shoals
contain Hymenocallis coronaria clumps.
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Figure 1.5. Aerial imagery of Study Shoal 2 (low density) within the eight-kilometer study
segment of Stevens Creek, McCormick County, SC, USA. This shoal contains two Hymenocallis
coronaria clumps.
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Figure 1.6. Aerial imagery of the two shoals directly downstream of Study Shoal 2 within the
eight-kilometer study segment of Stevens Creek, McCormick County, SC, USA. The more
downstream shoal contains the fifth-highest Hymenocallis coronaria density in the segment and
the more upstream shoal was used in restoration efforts.
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Figure 1.7. Three shoals without Hymenocallis coronaria within the eight-kilometer study
segment of Stevens Creek, McCormick County, SC, USA, the longest such stretch in the study
segment.
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Figure 1.8. Aerial imagery of two shoals within the eight-kilometer study segment of Stevens
Creek, McCormick County, SC, USA with Hymenocallis coronaria. The more downstream
shoal contains a patchy colony documented by the SCDNR Heritage Program.
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Figure 1.9. Aerial imagery of Study Shoal 3 (moderate density) within the eight-kilometer study
segment of Stevens Creek, McCormick County, SC, USA. This shoal contains two patchy
Hymenocallis coronaria sub-colonies and downstream Hymenocallis coronaria patches.
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Figure 1.10. Aerial imagery of the final five shoals within the eight-kilometer study segment of
Stevens Creek, McCormick County, SC, USA. No Hymenocallis coronaria was found
downstream of the plants identified in this imagery.
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Figure 1.11. Aerial imagery of Price’s Mill dam and the shoal directly downstream of it, which
are located approximately 2.5-kilometers downstream of the end of the eight-kilometer study
segment of Stevens Creek, McCormick County, SC, USA.
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CHAPTER TWO
IMPROVING CONSERVATION OF FALL LINE SHOALS BY QUANTIFYING HABITAT
CHARACTERISTICS FOR HYMENOCALLIS CORONARIA COLONIZATION
Abstract
Anthropogenic stream degradation is a widespread global issue that is especially acute in
fall line streams of the southeastern United States. These streams contain rocky shoals, a unique
and threatened habitat that supports high biodiversity and many imperiled species. One
particularly imperiled and ecologically and culturally important species is the emergent
macrophyte, Hymenocallis coronaria. The goal of our study was to determine what habitat
characteristics are most important to H. coronaria colonization at the microhabitat and shoal
scale. We surveyed and monitored hydrology, substrate, light availability, plant interactions, seed
availability, water quality, and geomorphic characteristics using a combination of field and
remote sensing methods in shoals in Stevens Creek, South Carolina, and analyzed the habitat
data using Generalized Linear Models. Our top model indicated that shallow stream depth and
coarse substrate are the most important predictors of H. coronaria establishment at the
microhabitat scale. At the shoal scale, our top model provided support for shoal length having
the greatest effect on H. coronaria density. Stream depth, coarse substrate, and low herbivory
pressure also appear to be important factors in sustained colonization of H. coronaria at the shoal
scale. We recommend that long shoals with suitable water depths and low herbivory pressure be
targeted for conservation and restoration, with microhabitats that contain coarse substrate being
of particular importance. Our findings can improve H. coronaria conservation and have the
potential to positively impact management of fall line shoals throughout the Southeast for the
benefit of a wide variety of native stream biota and ecosystem services.
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Introduction
The widespread anthropogenic degradation of streams globally has long been realized
and primarily attributed to watershed-scale land use changes, flow regime modification from
water withdrawals or dam construction, point-source pollution, invasive species, and structural
channel alterations (Bernhardt & Palmer, 2011; Dudgeon et al., 2006; Nilsson et al., 2005; Wohl
et al., 2015). These pressures stress stream biota and disrupt the aquatic ecosystem they inhabit,
leading to losses in biodiversity and ecosystem services, which ultimately have a negative impact
on society (Bernhardt et al., 2007; Bernhardt & Palmer, 2011; Dudgeon et al., 2006; Thomaz,
2021). In the highly biodiverse streams of the southeastern United States (Lydeard & Mayden,
1995), the increasing demand for freshwater due to population growth and climate change is
expected to exacerbate these issues (Dosdogru et al., 2020; Price, 2011; Sudduth et al., 2007; Sun
et al., 2008). Of particular concern is streams that occur at or above the fall line, a geologic zone
where the Piedmont and Atlantic Coastal Plain physiographic regions meet. Fall line geology
manifests in streams as shoals, which are characterized by shallow water depths, patchy coarse
substrates, bedrock outcroppings, rapids, and waterfalls that support high biodiversity and
productivity, especially in macrophytes (Duncan, 2008; Kennon, 2007; Vaughn & Davis, 2015;
Wynn, 2012). Shoals often have rapid changes in elevation, making them ideal locations for
mills and hydroelectric dams, the latter of which has destroyed most shoal habitat by covering it
under sediment or impounded water or severely degraded it through extensive flow regime
modification (Gordon & Wear, 2011; Marcinek et al., 2003; Wrona et al., 2007). The ecological
importance and endangered status of shoals make them a high priority for aquatic habitat
conservation, specifically management targeted towards rare and imperiled species conservation
(Duncan, 2008; Kennon, 2007; Marcinek et al., 2003).
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One such species is the emergent macrophyte, Hymenocallis coronaria, whose status as a
cultural symbol and indicator species for free-flowing fall line streams makes it an excellent
flagship species for shoal conservation (see Chapter One). Hymenocallis coronaria (J. LeConte)
Kunth (Amaryllidaceae), commonly known as the rocky shoals spider lily, Cahaba lily, or shoals
spider lily is a rare and threatened emergent macrophyte that is endemic to fall line shoals in
Alabama, Georgia, and South Carolina (Davenport, 1996). Fall line shoals support the unique
and specific life history of H. coronaria (Davenport, 1996), in which the leaves of the plant
emerge from bulbs that are anchored in the shoal substrate (Davenport, 1996; Gordon & Wear
2011). H. coronaria was likely widely distributed before declining concurrently with their
required shoal habitats throughout the 20th century (Davenport, 1996; Gordon & Wear, 2011;
Wrona et al., 2007). Currently, only 65 populations of varying size and vigor remain, with state
heritage programs and non-profit organization primarily responsible for their conservation after
the species was rejected for federal endangered species listing (L. Davenport; H. Brown, pers.
comms.). The rarity of H. coronaria has limited research on its importance in shoals, but the
ecological importance of shoals has been primarily attributed to the productivity and distribution
of two more common macrophytes associated with H. coronaria, Podostemum ceratophyllum
and Justicia americana (Duncan, 2008; Kennon, 2007; Wyn, 2012; Tatariw et al., 2013; Vaughn
& Davis, 2015). While conservation of these important macrophytes is pertinent, the charismatic
beauty of H. coronaria adds additional cultural ecosystem services to the extensive supporting
and regulating services provided by macrophytes (Thomaz, 2021), making it more likely to
galvanize interest in shoal conservation. To this point, there is considerable interest in H.
coronaria restoration, but these primarily grassroots efforts have been hampered by low success
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and minimal incorporation of the scientific process, at least in the form of published findings (C.
Aulbach; H. Brown; L. Davenport; C. Sermons; J. Townsend, pers. comms.).
Identifying the characteristics of shoals that support H. coronaria can help stream
managers conserve and restore shoals for the benefit of a wide variety of aquatic biota and
ecosystem services. However, despite considerable public interest, quantitative research focused
on the habitat requirements of H. coronaria has been limited, with the majority of H. coronaria
research focusing on genetic (Markwith & Scanlon, 2006; Markwith et al., 2009; Markwith &
Parker, 2007; Markwith & Scanlon, 2007) and pollination (Campbell et al., 2014; Graham, 2010)
aspects of its conservation. One exception is the work of Markwith and Parker (2007), who
determined that channel width and stream gradient were correlated with H. coronaria population
size and that channel width, stream gradient, shoal length, and geologic substrate were correlated
with the probability of a shoal supporting H. coronaria. In general, stream macrophyte
distribution and abundance has been shown to be influenced by water velocity and water depth at
baseflow (Madsen & Adams, 1989), substrate characteristics (Sand-Jensen et al., 1999; Vaughn
& Davis, 2015), water quality (Demars & Edwards, 2009; Feijoó & Lombardo, 2007), frequency
and abundance of flooding events (Riis & Biggs, 2003), light and nutrient availability (Fletcher
et al., 2000; Sand-Jensen, 1989), and herbivory (Bakker et al., 2016). When considering other
associated macrophytes, P. ceratophyllum occurrence has been linked to substrate sediment size
and light availability at the microhabitat scale (Argentina et al., 2010) and shoal width and
bedrock proportion at the shoal scale (Duncan, 2008), while J. americana density in shoals has
been shown to be most influenced by water depth, flow velocity, and amount of void space in the
bedrock (Vaughn & Davis, 2015).
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Outside of Markwith and Parker’s (2007) research, our understanding of H. coronaria
habitat is primarily derived from demographic and botanical studies (Davenport, 1996), field
surveys (Aulbach, 2007), and an investigation into the decline of a specific population (Gordon
& Wear, 2011). These studies have shown that water depth is important to H. coronaria
establishment (Aulbach, 2007), successful anthesis and subsequent sexual reproduction
(Davenport, 1996), and protection from herbivory pressure (Davenport, 1996; Aulbach, 2007).
Water flow velocity has been previously hypothesized to play a role in H. coronaria habitat
suitability (Davenport, 1996), with past studies primarily focusing on flow regime modification
(Gordon & Wear, 2011; Markwith & Parker, 2007) and effects on sexual reproduction (Gordon
& Wear, 2011; Wrona et al., 2007). High water quality has long been considered important to
successful H. coronaria populations (Davenport, 1996), but research has been limited (Gordon &
Wear, 2011). Similarly, light availability (Davenport, 1996) and the presence of P.
ceratophyllum and J. americana (Aulbach, 2007) have long been hypothesized to be important to
H. coronaria establishment, but no published studies have tested or quantified these hypotheses.
Shared characteristics among these studies are qualitative observations and hypotheses that have
never been formally tested for the advancement of H. coronaria conservation. Therefore, the
goal of our research was to quantitatively define what habitat characteristics have the greatest
influence on H. coronaria establishment and colonization. Specifically, our first objective was to
determine the best predictors of H. coronaria presence at the microhabitat scale by examining
hypotheses related to hydrology, substrate, light availability, and plant interactions (Table 2.1).
Our second objective was to determine the best predictors of H. coronaria density at the shoal
scale by examining hypotheses related to fluvial geomorphology and light and seed availability
(Table 2.2). Our final objective was to examine hypotheses related to shoal-scale hydrology,
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water quality, and substrate composition (Table 2.2) by comparing monitoring data in three
shoals with varying H. coronaria density. Findings from our research could help inform datadriven H. coronaria conservation, not only in Stevens Creek, but throughout its range.
Furthermore, we believe this research has the potential to improve the management of fall line
shoals throughout the Southeast for the benefit of a wide variety of native stream biota and
ecosystem services.
Methods
Site Description
We collected all data within the eight-kilometer stream segment outlined in the study area
description in Chapter One. Within this segment, we sampled microhabitat sites in our three
study shoals (Figure 2.1) that were selected based on their varying H. coronaria density (high,
moderate, and low), private landowner support, and efficient and consistent access. We also
monitored water quality, hydrology, and substrate composition of these study shoals. Shoal 1
was the longest of our study shoals (Table 2.3) and served as our high-density study shoal
because it supported the extraordinary H. coronaria colony located downstream of the Parks Mill
dam. Shoal 2 had the deepest stream depth and flattest stream gradient of our study shoals (Table
2.3) and served as our low-density study shoal because it only supported two H. coronaria
clumps. Shoal 3 had the narrowest wetted width of our study shoals (Table 2.3) and served as our
moderate-density study shoal because it supported the second largest H. coronaria colony in the
segment. More detailed descriptions of our study shoals can be found in Chapter One. We used
all of the shoals within the stream segment (Figure 2.1) to examine our shoal-scale hypotheses
related to fluvial geomorphology and light and seed availability.

55

Microhabitat Scale
We collected microhabitat data in June-August 2021 during baseflow conditions, which
were defined by the downstream USGS gauge (#02196000). Using ArcGIS Pro 2.7 (Esri,
Redlands, CA), we created a 3,000 m2 grid of transect points for each shoal with 10-meter
spacing between cross section transects and two-meter spacing between transect points. We
uploaded these grids to ArcGIS Field Maps (Esri, Redlands, CA) for field orientation and
conducted surveys in the downstream direction. We were unable to keep the number of points in
each transect and shoal equal due to variability in stream width within and between shoals, but
we sampled approximately the same number of sites in each shoal (n1=153, n2=151, n3=145) for
a total of 449 microhabitat sites.
We used the sampling methods outlined below to sample covariates (Table 2.1) in all
microhabitat sites across all three study shoals. First, we laid down a 0.5 m x 0.5 m (0.25 m2)
PVC sampling quadrat and determined if there was a H. coronaria plant within the quadrat.
Next, we conducted a modification of the Wolman pebble count procedure, in which we averted
gaze and selected a substrate particle in the lower left corner of the quadrat and measured the
medial axis using a tape measure (mm) before placing it back into the stream. We also used these
substrate sizes to determine the median particle size (D50) of each shoal, which is more resistant
to skewness than a mean (Bunte & Abt, 2001). In addition to this substrate size, we classified the
entire substrate of the quadrat into one of six sediment classes (silt, sand, gravel, cobble, boulder,
and bedrock) according to the Wentworth scale (Bunte & Abt, 2001), which we later
consolidated into three groups: fine (silt and sand), coarse (gravel, cobble, and boulder), and
bedrock. We used substrate rugosity, the final substrate characteristic, to represent the
complexity of the substrate (Friedman et al., 2012; Luckhurst & Luckhurst, 1978). Adapting the
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chain-tape method from coral reef research (Friedman et al., 2012; Risk, 1972), we sampled
rugosity by placing a 500 mm length of 3/16 trade chain on the streambed, allowing it to follow
the microtopography of the microhabitat within the quadrat. We used this type of chain instead
of smaller gauge chain (e.g., lighting chain) in an effort to keep it weighted down in stronger
flows. We measured rugosity along vertical and horizontal cross sections of the microhabitat site,
which we averaged to derive the overall rugosity of each microhabitat site. After substrate
sampling, we measured water depth (cm) and average flow velocity (m/s) using a Global Water
probe (Xylem, Rye Brook, NY) following the methodology of Turnipseed and Sauer (2010).
Next, we estimated the percent vegetative cover of P. ceratophyllum (hornleaf riverweed), J.
americana (American water-willow), and all other vegetation in 5% increments. Finally, we
measured percent canopy cover of riparian trees using a concave spherical densiometer.
Shoal Scale
We counted and mapped every H. coronaria stem in every shoal in our study segment by
kayak in May 2021 and used these counts to determine the stem density (stems/m2) of each
shoal. Our final products from survey efforts were detailed maps of the distribution and density
of H. coronaria in Stevens Creek (Figures 1.3-1.10). To examine what habitat characteristics are
most important to H. coronaria density at the shoal scale throughout the study segment, we
derived a suite of fluvial geomorphology and light and seed availability covariates for each shoal
using publicly available remote sensing data (Table 2.2). We acquired data from South Carolina
Department of Natural Resources (SCDNR), United States Geological Survey (USGS), and
United States Department of Agriculture (USDA). We displayed and processed all remotely
sensed data using ArcGIS Pro. Using a combination of one-meter resolution NAIP imagery
(USDA), elevation profiles, and field observations, we delineated 22 shoals within our study
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segment. Specifically, we used the presence of exposed bedrock outcrops and decreasing
elevation to determine the boundaries of each shoal. Alternatively, we identified pools by their
lack of exposed bedrock and constant elevation. We clipped a stream centerline (SCDNR) layer
for Stevens Creek to the extent of the study segment and used the Split tool to divide the stream
centerline layer into unique shoals and pools. We also used the Split tool to derive the distance
(m) from the Parks Mill dam to the beginning of each unique shoal. Using the Interactive
Elevation Profile tool with a Digital Elevation Model (DEM) for McCormick County (SCDNR)
and the previously determined shoal lengths, we calculated the stream gradient for each shoal.
We also calculated stream power for each shoal reach using the LiDAR-derived stream gradients
and average discharges from flowline segments in the National Hydrography Dataset Plus High
Resolution (NHDPlus HR). For the purposes of this study, we defined stream width as the wetted
channel width as derived from a stream polygon downloaded from SCDNR’s LiDAR database
for McCormick County. We clipped the stream polygon layer to the study stream segment extent
and calculated the polygon width using the XTools Pro extension for ArcGIS Pro. To quantify
differences in channel aspect and riparian vegetation height, we used the Area Solar Radiation
tool. This newly introduced tool has been used in recent research to estimate stream shading
(Bachiller-Jareno et al., 2019; Bolick et al., 2021; Kałuza et al., 2020; O’Sullivan et al., 2019)
and requires a digital surface model (DSM) as input, which we created using first return LiDAR
LAS data (SCDNR) and the LASdataset to Raster tool. We clipped this DSM to the stream
polygon and buffered it by 50 meters, which has been shown to adequately capture the extent of
shading from riparian vegetation (Bachiller-Jareno et al., 2019). Within the tool, we set ‘Start
Day’ to 75 (15 Mar) and ‘End Day’ to 289 (15 Oct) to represent the growing season for H.
coronaria. We then extracted the output by mask using the stream polygon (SCDNR) and
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calculated the average solar radiation for each shoal using the Zonal Statistics by Table tool. To
quantify the immediate upstream seed source, we determined the density of H. coronaria in the
shoal directly upstream of each shoal.
Hydrology, Water Quality, and Substrate Composition Monitoring
In order to monitor hydrological parameters in each of our study shoals, we installed a
HOBO U20L-04 series water level logger (Onset Computer, Bourne, MA) within the H.
coronaria colony of each study shoal (Figure A-1). Adapting the protocol outlined in Isaak et al.
(2010), we secured the logger in protective PVC housing and permanently adhered the housing
to bedrock with Simpson Strong-Tie FX764 underwater epoxy paste (Simpson Strong-Tie,
Pleasanton, CA). To prep the housing for epoxy, we sanded its lips with coarse sandpaper to
increase surface area. Due to the shape of the logger housing, we made two epoxy “snakes” and
wrapped each snake around the housing where the lips were located to essentially make
innertubes around the housing. We then pressed the housing into place on the bedrock and placed
another large rock flush against it to serve as a prop rock. We tried other epoxies, but none were
able to reliably adhere to the bedrock substrate and the PVC, which mirrored the results of Isaak
and Horan (2011). Based on conversations we had with the epoxy manufacturer, we let the
epoxy cure for one week with support from the prop rock before the logger was installed. We
successfully installed two housings on the first attempt, but needed to reposition the third
because the first attachment location appeared to have not been cleaned thoroughly enough. The
loggers began collecting data in February 2021.
We set up all loggers, including another logger we installed out of the water to measure
barometric pressure for correction, to record a pressure measurement every 15 minutes. We
downloaded and redeployed loggers using a HOBO U-DTW-1 waterproof data shuttle (Onset
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Computer, Bourne, MA) and converted from pressure to depth using HOBOware software.
Using fixed cross section transects located close to each logger, we sampled depth and flow and
calculated the average half cross section depth, average half cross section flow velocity, and half
cross section discharge. We only used measurements from the half cross section of the creek that
contained H. coronaria and the logger because we believed it best represented H. coronaria
habitat within the shoal, would have a stronger correlation with the continuous fixed location
depths, and alleviated safety concerns of entering the deeper portion of the creek during high
flows. We established a quantitative relationship between the continuous fixed logger location
depths and the average half cross section depths and used this relationship to derive continuous
average half cross section depths for each shoal. We also used these continuous fixed location
depths and the downstream USGS gauge to derive shoal-specific stream depth correction factors
to account for differences in water level between microhabitat survey days.
We monitored water quality biweekly within our three study shoals, with the exceptions
of periods of unsafe creek conditions and undergraduate technician school breaks. We used a
YSI ProDSS multiparameter water quality meter (Xylem, Rye Brook, NY) to collect spot
readings for dissolved oxygen (DO), conductivity, pH, oxidation-reduction potential (ORP), and
turbidity. We monitored total phosphorous and nitrate nitrogen concentrations by collecting
water samples in Whirl-Paks, which we froze and had analyzed in bulk by Clemson University’s
Agricultural Service Laboratory. With the exception of nitrogen and phosphorous, which were
not sampled until May 2021, we measured all water quality parameters for a year (February 2021
– January 2022). We determined the substrate composition of each study shoal from the
modified Wolman pebble counts conducted during the microhabitat surveys. Using the same
methodology we used in microhabitat sampling, we classified and consolidated substrate sizes to
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determine the proportion of each substrate size class present in each study shoal. We were
particularly interested in the proportion of coarse substrate (gravel, cobble, and boulder) because
of its hypothesized effect on H. coronaria density. Additionally, we installed game cameras to
monitor deer activity in each study shoal’s H. coronaria colony, but inconsistent deployment
periods limited the data to anecdotal use.
Data Analysis
We used Microsoft Excel (Microsoft, Redmond, WA) and Program R version 2021.9.21
(R Core Team, 2021) to assemble, summarize, and analyze our data. We developed an a priori
set of candidate models for each scale: 18 binomial generalized linear models (GLM) for the
microhabitat scale (Table 2.4) and 17 gaussian linear models for the shoal scale (Table 2.5).
These model sets reflected relevant macrophyte scientific literature, previous studies on H.
coronaria, conversations with researchers who previously studied H. coronaria, and our own
field observations of the plant’s ecology. We chose to use a complementary log log (cloglog)
link function in the microhabitat models because the cloglog link tends to fit asymmetrical data
with substantially more zeros than ones (Zuur et al., 2009). In our case, the probability of H.
coronaria being present was very low, making our data asymmetrically distributed. Before
fitting models, we checked variables for collinearity using a Pearson’s correlation matrix and
used a variance inflation factor value of three as a threshold for removing predictor variables. We
determined that no microhabitat predictors needed to be removed, but stream power and gradient
were collinear at the shoal scale. We chose to remove stream power since the majority of the
variation in stream power was due to differences in gradients between shoals. We then scaled
and centered all continuous variables in both models to have a mean of zero. We fit both scales’
model sets using base R and ranked the models using Akaike’s Information Criterion for small
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sample sizes (AICc; Burnham and Anderson, 2002) by performing model selection with the
‘MuMin’ package (Bartoń, 2020). We interpreted the parameter effects for all models within two
ΔAICc of the top-ranked model. We considered covariates to be significant predictors if 95%
confidence intervals of their effect sizes did not overlap zero. Using the top model, we generated
plots for the predicted relationships between significant covariates and H. coronaria occurrence.
Due to their non-normal distributions, we analyzed the water quality and hydrology monitoring
data from our study shoals using paired Wilcoxon signed-rank tests. We did not analyze the
study shoal substrate composition because of sample size restrictions, but still made quantitative
comparisons.
Results
Microhabitat Scale
H. coronaria was present in 44 of the 449 microhabitat sites, with the majority located in
Shoal 1 (n1=38) and occurrence much lower in the downstream shoals (n2=1, n3=5). A summary
of all microhabitat covariate data can be found in Table B-1. Model selection determined that the
top-ranked microhabitat model contained the water depth, substrate type, rugosity, canopy cover,
water-willow cover, and riverweed cover covariates and had a model weight of 0.88 (Table 2.4).
No other models were within two ΔAICc of the top model so only the top model was interpreted
(Table 2.4). Effect sizes from this model indicated that water depth had a significant, negative
effect on H. coronaria presence and that coarse substrate had a significant, positive effect on the
H. coronaria presence (Figure 2.2). The inclusion of rugosity, canopy cover, water-willow cover,
and riverweed cover in the top model improved model fit, but the covariates did not have a
significant effect on H. coronaria presence (Figure 2.2). Based on effect sizes, water depth had
the greatest influence on H. coronaria presence (Figure 2.2). Assuming coarse substrate is
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present, our top model predicts that the probability of H. coronaria being present decreases from
approximately 11% to 1% as the depth increases from 0 to 12 cm and is approximately zero at a
depth of 23 cm (Figure 2.3). The substrate type was held as coarse for the depth predictions
because the majority of microhabitat sites with H. coronaria had coarse substrate and it therefore
provides the most accurate depth predictions. The top model predicted that the probability of H.
coronaria being present in coarse substrate is 0.47%, with the probability decreasing to 0.18%
and 0.073% for fine and bedrock substrates, respectively (Figure 2.4). The non-significant effects
of canopy, water-willow, and riverweed cover were inversely related to H. coronaria presence,
while rugosity had a positive effect (Figure 2.2).
Shoal Scale
The highest stem densities were found in two of our study shoals, Shoal 1 (64.92
stems/m2) and Shoal 3 (1.78 stem/m2), and no other shoals had a density over one stem/m2.
However, five additional shoals had a density over 0.1 stems/m2, which, when combined with
field observations, could serve as a benchmark for considerable H. coronaria density in Stevens
Creek. A summary of H. coronaria density and remotely sensed covariates for the shoal scale
can be found in Table B-2. The model selection process determined that the top model only
contained the shoal length predictor variable, and no other models were within two ΔAICc of the
top model (Table 2.5). Furthermore, the top model’s weight was four times greater than the next
ranked model’s weight, so no other models were interpreted (Table 2.5). The 95% confidence
interval of the shoal length parameter effect size (0.99 – 12.28) indicated that shoal length had a
significant, positive effect on H. coronaria density at the reach scale.
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Hydrology, Water Quality, and Substrate Composition
We conducted 21 water quality and 11 water quantity monitoring events in the three
study shoals over the course of this study. In general, our water quality monitoring data indicated
that all three shoals have excellent water quality (Table 2.3). However, our paired Wilcoxon tests
did identify some statistical differences between sites (Table 2.3). Trends of note include an
increasing trend in both pH and dissolved oxygen in the downstream direction and a decreasing
trend in nitrogen in the downstream direction. We also identified significant differences in
hydrology parameters between the shoals (Table 2.3). The average half cross section of Shoal 2
was significantly deeper than the average half cross sections of Shoals 1 and 3 and subsequently
had a significantly higher half cross section discharge (Table 2.3). Shoal 3 had the shallowest
average half cross section depth and Shoal 1 had the lowest half cross section discharge (Table
2.3). The average half cross section flow velocity was not significantly different between the
three shoals (Table 2.3). The results of our continuous depth monitoring indicated that Shoals 1
and 3 have similar depths in their H. coronaria colonies throughout most of the year, except
August-October, when the depth in Shoal 3 drops lower than Shoal 1 (Figure 2.5). Shoal 2
appears to be substantially deeper than the other two study shoals throughout the whole year
(Figure 2.5). Shoal 1 had the highest proportion of coarse substrate (0.59), as well as the highest
proportion of both cobble and boulder (Table 2.6). Shoal 3 also had a substantial proportion of
coarse substrate (0.44), made up of a relatively even amount of gravel, cobble, and boulder, but
the overall dominant substrate class in Shoal 3 was bedrock (Table 2.6). Shoal 2 was also
dominated by bedrock and the rest of the shoal had considerably less coarse substrate (0.25) than
the other two shoals, instead being composed of more silt and sand (Table 2.6).
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Discussion
Overall, our results provide quantitative support for some of the qualitative descriptions
of H. coronaria’s habitat requirements that influenced our hypotheses. Interpretations of our top
model’s effect sizes suggest that depth is the most important predictor of H. coronaria
establishment, which is consistent with past H. coronaria descriptions (Davenport, 1996;
Aulbach, 2007; Gordon & Wear, 2011) and other fall line shoal macrophyte research (Vaughn &
Davis, 2015). While prolonged high water depths have the potential to be detrimental during
periods of anthesis, we observed the Parks Mill colony get inundated by a massive flood during
anthesis and still produce tremendous flower and seed density. Conversely, our study indicates
that prolonged dry conditions may be a greater concern because of increased stress and exposure
to deer herbivory. Although our modeled microhabitat depth relationship indicated that H.
coronaria presence rapidly declines as water depth increases from zero, our field and life history
observations suggest that the relationship is more temporally complex than that. While deep
microhabitats are clearly not suitable for H. coronaria establishment, moist substrate was
commonly found in microhabitat sites with robust H. coronaria and no measurable water depth,
a sign that water had recently covered the substrate and that the lodged bulb was not dry. We
also observed that white-tailed deer appear to particularly target fresh, newly emerged stems in
the spring so low water depths in the early part of the growing season (before flowering and seed
production) is a greater concern. Our microhabitat depth results reflect a snapshot of the
conditions during the peak of the growing season, but future research efforts should aim to
develop depth relationships for microhabitat sites with and without H. coronaria throughout the
entire growing season to further define ideal depth ranges at critical periods of its life cycle.
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Our shoal-scale water depth monitoring provides further support for the importance of
water depth, with relatively shallow depths during the first part of the growing seasons
corresponding with high and moderate H. coronaria density in Shoals 1 and 3 and relatively
deep depths with low density in Shoal 2. Shoal 3 has a unique streambed topography, where the
portion of the shoal that contains H. coronaria is perched above the main flow of the creek.
During the low flows of late summer and early fall, the perched portion is mostly dry, while the
more uniform Shoal 1 maintains shallow water throughout. These dry conditions during the latter
half of the growing season are likely driving the decline of Shoal 3’s colony by reducing seedling
establishment and exposing the plants to deer herbivory. The downstream Stevens Creek USGS
gauge indicates that streamflow has been considerably lower during the growing season over the
past five years compared to the median value for the last 19 years, which reflects predicted
climate changes trends for the Southeast (Dosdogru et al., 2020; Sun et al., 2008). The reduced
streamflow in Stevens Creek is likely climate driven considering the low population density in
the area and relatively minimal water withdrawals by the Town of McCormick. One potential
future streamflow threat is the implementation of commercial fruit farming, which occurs in
nearby Edgefield County and requires substantial water withdrawals. Historically higher
streamflow in the late growing season would have meant the perched portion of Shoal 3 would
have been covered with water, which would have benefited the H. coronaria colony. These
relationships are the first known effort to quantitatively examine how hydrological conditions at
the shoal scale influence H. coronaria density and spotlights the need for targeted conservation
and restoration of shoals with suitable water depths.
Our results also support the hypothesized importance of coarse substrate at both spatial
scales. Microhabitats with coarse substrates are more heterogenous, creating interstitial spaces
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and crevices for seeds to get wedged in. While it does appear to be possible for H. coronaria to
establish in fine substrates, the probability of this happening is very low and most likely requires
human assistance or a situation where a seedling establishes in coarse substrate that is
subsequently covered by deposited fine substrate. The bedrock in Stevens Creek that has suitable
water depths is very homogenous (i.e., occurs in relatively smooth slabs) and this lack of
interstitial spaces appears to make it unsuitable for H. coronaria establishment. At the shoal
scale, the high H. coronaria density of Parks Mill was associated with a high proportion of
coarse substrate, specifically cobble, and the low density of Shoal 2 was associated with a high
proportion of bedrock. Shoal 3’s relatively high proportion of coarse substrate likely helps
support its moderately dense colony, but a lower proportion of cobble within the coarse category
may be a limiting factor. This research serves as the first attempt to quantify suitable substrate
characteristics for H. coronaria and should inform targeted conservation of coarse-dominated
shoals. Despite the lack of strong statistical support for the effect of rugosity, it is likely that
substrate complexity does play some sort of role in seed recruitment and seedling establishment.
Microhabitats found within the high density Shoal 1 had the highest average rugosity (Table B-1)
and many H. coronaria clumps there are growing on the downstream side of protruding bedrock
or coarse substrate, which is consistent with previously described hydrochory and seedling
establishment patterns based on hydraulic factors controlled by substrate complexity at the micro
and macro scale (Merritt & Wohl, 2002). Further research is needed to better understand H.
coronaria’s relationship with substrate complexity and both spatial scales, with advances in
bathymetric LiDAR technology having the potential to allow efficient monitoring of
macrophytes and substrate at the shoal scale (Hofstra et al., 2020; Islam et al., 2022).
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When examined together, our substrate and plant interaction results are consistent with
other fall line stream macrophyte research. We observed that H. coronaria occurence at the
microhabitat and shoal scale was inversely related to P. ceratophyllum cover, J. americana
cover, and bedrock substrate, all three of which have shown to be associated in fall line shoals
(Argentina et al., 2010; Duncan, 2008; Vaughn & Davis, 2015). Aulbach (2007) hypothesized
that P. ceratophyllum facilitates H. coronaria seed recruitment through its flow velocity
mitigation properties (Wood & Freeman, 2017). While this may be sometimes true at the shoal
scale, our study and the monotypic H. coronaria colony at Parks Mill instead provides support
for P. ceratophyllum and H. coronaria having different microhabitat requirements and
potentially competing for habitat where their suitability overlaps. Although our top microhabitat
model did not provide support for any macrophyte cover being significant predictors of H.
coronaria presence, the observed inverse relationships nonetheless further provide support for
interactions between macrophytes in shoals being competitive, rather than facilitative. However,
this competition is mitigated by high substrate heterogeneity at the shoal scale, which supports
diverse and productive macrophyte communities, which in turn supports overall shoal
biodiversity. Our results did not provide significant support for the influence of light availability
at either scale, potentially indicating that its long-hypothesized influence on H. coronaria has
been overstated. This conclusion is corroborated by the findings of Fletcher et al. (2000) for
emergent macrophytes and provides support for light availability not being a high priority for
conserving H. coronaria. In Stevens Creek, H. coronaria is primarily found growing along the
shallow stream margin under the partial shade of riparian trees. This is especially true of the
colony in Shoal 1, which has the highest canopy cover of our study shoals (Table B-1).
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Water flow velocity, a defining characteristic of shoals and therefore previous
descriptions of H. coronaria habitat, was not included in our top microhabitat model and models
containing the flow covariate were poorly supported overall. This is also reflected in the
similarity between flow velocity in the monitored sections of our study shoals. Field observations
confirm these results, as H. coronaria is often found growing in stagnant or slow-flowing water
during the growing season. However, as previously noted, the water level in Shoal 1 does stay
more moderate during the late growing season and concomitant, gradient-influenced flows are
present later into the growing season than in Shoal 3. Like depth, it is likely that the absence of
long periods without flowing water is more important than the actual velocity rate itself, with the
former serving to keep the bulbs wet and aerated (Davenport, 1996) and protected from deer
herbivory (Aulbach, 2007). High velocities are also important for dispersal of seeds within a
shoal and flood-level flows are needed to move seeds through pool reaches (Merritt & Wohl,
2002). Growing seasons with drought conditions or a lack of flood-level flows will likely inhibit
colony expansion and downstream shoal colonization.
In addition to clarifying the importance of hydrological parameters, our shoal monitoring
results also refine past theories related to water quality. The exceptional water quality throughout
our study segment is consistent with past descriptions of H. coronaria’s high water quality
requirements. Despite observing statistically significant differences for most parameters, we have
no reason to believe that these differences are ecologically significant because all parameter
ranges were within EPA water quality standards for aquatic life. The observed variation in water
quality parameters between shoals could be due to the high sensitivity of the YSI meter,
sampling event timing, small differences in sub-watershed land use, and shoal-specific
geochemical cycles. Our water quality data is also supported by survey data indicating excellent
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macroinvertebrate populations at Shoal 1 and 3 and the presence of P. ceratophyllum, an
indicator species for high water quality in Piedmont streams (Wood & Freeman, 2017),
throughout the segment. The hypothesized increased nutrient input upstream of Shoal 2
(Aulbach, 2007) was not confirmed in our nutrient concentration monitoring. We did observe the
Pithophora or Cladophora blooms documented by past researchers (Aulbach, 2007; Gordon &
Wear, 2011), but they were fairly uniform in occurrence throughout the segment and appear to
not be impacting H. coronaria negatively. These blooms are most likely caused by the nutrient
inputs from the upstream wastewater treatment plant and watershed-level agricultural practices,
not just the tributary upstream of Shoal 2. From an overall watershed management perspective,
the increasing trend in pH is worth examining in greater detail to determine if a land use practice
or other human activity is the cause.
Herbivory of H. coronaria by white-tailed deer is an emerging threat and has been
observed in past field surveys of Stevens Creek (Aulbach, 2007) and other colonies (Davenport,
1996; Gordon & Wear, 2011). We estimate that the herbivory impacts to plants in Stevens Creek
have increased since Aulbach’s (2007) survey of the same segment. Game camera monitoring
suggests that deer density and associated herbivory pressure was substantially higher in Shoal 3
compared to Shoal 1. Field observations of browsed plants were also considerably more common
in Shoal 3 and the lower half of the stream segment in general, with the majority of plants in
some lower shoals showing signs of herbivory. To this point, the shoal directly upstream of
Shoal 3, which had previously supported a colony noted by the Heritage Program, was impacted
to the point that browsed plants were nearly indiscernible and buried under J. americana and
Leersia sp. that appeared to be outcompeting the depleted H. coronaria. Cameras were only
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recently installed at Shoal 2, but early indications point to deer herbivory being a potential
concern there as well.
We observed that repeated herbivory events cause plant mortality so prolonged periods of
extremely low water are particularly concerning. However, less frequent herbivory still
drastically reduces the size, vigor, and seed production of H. coronaria, limiting establishment of
new seedlings and colony expansion. The increase in extended dry periods in Shoal 3 has likely
contributed to a concomitant increase in the number of deer entering the creek. While hydrology
was not continuously monitored in the shoal upstream of Shoal 3, we suspect that a similar
situation is the reason for the decimation of this colony. However, game camera monitoring
indicates that deer will still enter the creek to browse on H. coronaria during periods of swift,
shallow flows (Figure A-2), indicating that hydrology may not be the only factor influencing
herbivory pressure. To this point, we suspect that the population density of white-tailed deer is
higher in the lower portion of our study segment, particularly around Shoal 3. This could
potentially be due to land management practices associated with attracting deer for hunting
purposes (W. Wood & K. Self, pers. comms.) and there being more preferred edge habitat
(Williamson & Hirth, 1985) due to the large disturbance adjacent to that portion of the creek.
Potential reasons for lower deer sightings in Shoal 1 include the proximity of the state highway
and relatively high human presence due to SCNPS activities. White-tailed deer populations and
their associated herbivory impacts on stream macrophytes are expected to increase with climate
change (Bakker et al., 2016; Laurent et al., 2021), making herbivory management an important
aspect of H. coronaria conservation moving forward. Herbivory damage can be reduced by
increasing predator populations (Bakker et al., 2016), limiting artificial deer attracting practices,
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increasing hunting pressure, and applying deer deterrent sprays, although this last option may be
ineffective because of the frequency of floods that inundate H. coronaria.
Our shoal-scale models using remote sensing data were not very informative due to our
small and fairly homogenous sample of shoals. Further research at the shoal scale should look to
compare stream segments in multiple watersheds with shoals supporting varying levels of H.
coronaria density. The support for shoal length as a driver of H. coronaria density is probably
due to the extraordinarily high density and long length of Shoal 1. Markwith and Parker (2007)
observed a similar trend, but this research is the first attempt to examine that trend at the stream
segment scale and use modern remote sensing data. In contrast to Markwith and Parker (2007),
our models did not find stream gradient and width to be significant, positive predictors of H.
coronaria density. Conversely, our stream width variable had a negative relationship with H.
coronaria density. However, these researchers used aerial imagery to roughly determine true
bankfull widths, while our study used LiDAR-derived wetted widths. This is representative of
how H. coronaria tends to grow along the margins of shoals with narrow wetted widths in
Stevens Creek where water depths are shallow. Despite the lack of support for stream gradient in
our models, all shoals with a density greater than 0.1 stems/m2 had above average stream
gradients for our segment, a potential indicator of gradient’s importance. Steep stream gradients
are associated with coarse substrates (Allan & Castillo, 2007) so remotely sensed gradients could
be used to identify shoal reaches with suitable substrates without intensive field sampling. Even
though our shoal-scale models were not very informative, our shoal monitoring results provide
support for the importance of shoal-scale hydrology and substrate characteristics. The
extraordinary density of H. coronaria in Shoal 1 is likely due to the high proportion of coarse
substrate and uniformly shallow water depths found in the shoal throughout the entire growing
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season. The small low head dam upstream of Shoal 1 has likely contributed to the colony’s vigor
by increasing the proportion of coarse substrate and mitigating the negative effects of flood flows
(Csiki & Rhoads, 2010).
This study did not attempt to quantify any of the ecosystem functions or services
provided by H. coronaria, but previous research on stream macrophytes indicate that shoals with
H. coronaria will be more productive ecosystems for a large suite of stream biota and will
subsequently produce increased benefits for our society. The high biodiversity of fall line shoals
is primarily due to their habitat heterogeneity, which is a product of coarse substrate and
macrophyte diversity. Targeting shoals and fall line stream segments with H. coronaria
populations for conservation has the potential to conserve overall fall line stream biodiversity
and H. coronaria can serve as an umbrella species by improving habitat quality for other species
of interest, particularly shoal endemic fishes (Kennon, 2007; Marcinek et al., 2003). H.
coronaria undoubtedly provides ecosystem services, with nutrient cycling and habitat
provisioning (supporting), water purification (regulating), and ecotourism, inspiration, esthetic,
and heritage value (cultural) being the most essential (Thomaz, 2021). The cultural services
provided by H. coronaria separate it from other fall line macrophytes and organisms, giving it
true potential to galvanize fall line shoal conservation. In streams and shoals where H. coronaria
has already been extirpated, interest in H. coronaria restoration can be leveraged to achieve other
conservation objectives for fall line streams.
We hope that the quantitative findings and field observations from this study will inform
H. coronaria and fall line shoal conservation efforts. Future efforts should prioritize conserving
colonies found in long shoals with suitable water depths, especially colonies with relatively low
anthropogenic pressure in their watersheds. Ideally, shoal water depths should remain shallow,
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without any long periods of dry conditions, throughout the growing season. Long-term,
continuous depth monitoring at the shoal and microhabitat scale is necessary to determine water
level suitability. This monitoring is especially important as the flows of fall line streams across
the Southeast become increasingly stressed due to climate change and population growth. Within
suitable shoals, microhabitats with coarse substrates, specifically cobble, should be prioritized.
White-tailed deer herbivory can be detrimental to H. coronaria colonies, and their impacts are
predicted to increase with climate change. Suitable water levels can deter herbivory, but this may
not be enough in shoals with high local deer density. In these situations, deer deterrent options
should be strongly considered. While water quality should be considered when trying to diagnose
the cause of a H. coronaria colony’s decline and may be of greater concern in some watersheds,
its overall importance to H. coronaria conservation is low relative to water quantity. H.
coronaria populations located downstream of low head dams may be benefiting from the dam’s
effect on hydrology and substrate and careful consideration should be made to the negative
impact the removal of these dams may have on H. coronaria. In instances where H. coronaria
has been extirpated from a stream, these quantitative habitat requirements, along with the
standard practices established in Chapter Three of this thesis, should be used to maximize
restoration success. Advances in remote sensing applications also have the potential to help
identify suitable water level, substrate, and fluvial geomorphology characteristics for H.
coronaria conservation and restoration efforts. The benefits to ecosystem processes and services
from H. coronaria conservation are extensive, with the cultural value of H. coronaria making it
an excellent candidate to serve as a flagship species for fall line shoal conservation.
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Tables
Table 2.1. Habitat covariates hypothesized to influence the probability of Hymenocallis
coronaria presence in microhabitat sites (0.25 m2) in Stevens Creek, McCormick County, SC,
USA.
Variable

Description

Predicted
Effect

Hydrology
Water depth (cm)

Height of the water column (continuous variable)

Flow velocity (m/s) Flow rate at six-tenths of the water column (continuous
variable)

-

Substrate
Substrate size
(mm)

Length of the medial axis of the substrate selected from
the lower left corner of the site (continuous variable)

-

Substrate type

The dominant substrate type of the entire site according to
the Wentworth scale (silt, sand, gravel, cobble, boulder,
and bedrock; categorical variable)

- for silt,
sand,
gravel, and
bedrock
+ for
cobble and
boulder

Rugosity

Average substrate complexity measured by the chain-tape
method (continuous variable)

+

Canopy cover over the site measured with a densiometer
(continuous variable)

-

Riverweed cover
(%)

Vegetative cover of hornleaf riverweed estimated visually
(continuous variable)

+

Water-willow
cover (%)

Vegetive cover of American water-willow estimated
visually (continuous variable)

+

Other vegetative
cover (%)

Vegetative over of all vegetation in the site besides waterwillow, riverweed, and spider lilies (continuous variable)

-

Light Availability
Canopy cover (%)
Plant Interactions
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Table 2.2. Habitat covariates hypothesized to influence Hymenocallis coronaria density at the
shoal scale in Stevens Creek, McCormick County, SC, USA.
Variable

Description

Predicted
Effect

Geomorphology
Shoal length (m)

Length of the shoal (continuous variable)

+

Shoal width (m)

Wetted width of the shoal (continuous variable)

+

Shoal gradient (m/m)

Gradient of the shoal (continuous variable)

+

Upstream pool length (m)

Length of the pool upstream (continuous
variable)

-

Distance from dam (m)

Distance from the Parks Mill dam to the
beginning of the shoal (continuous variable)

-

Average area solar radiation a shoal receives
during the growing season (continuous
variable)

+

Density of H. coronaria in the next upstream
shoal (continuous variable)

+

Half Cross Section Water
depth (cm)

Average water depth in the shoal from the
streambank to the middle of the stream
(continuous variable)

-

Dissolved oxygen,
conductivity, pH, oxidation
reduction potential, turbidity,
phosphorous, and nitrogen
(various units)

Water quality within the shoal (suite of
continuous variables)

None

Proportion of the shoal made up of gravel,
cobble, and boulder substrates (continuous
variable)

+

Light Availability
Solar radiation (WH/m2)

Seed Availability
Upstream H. coronaria
density (stems/m2)
Hydrology and Water Quality

Substrate
Proportion of coarse substrate
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Table 2.3. Summary of hydrology, water quality, substrate composition, and fluvial
geomorphology data for three study shoals in Stevens Creek, McCormick County SC, USA with
varying Hymenocallis coronaria density. Repeatedly monitored water quality and hydrology
variables are presented as mean (range).
Variable

Shoal 1 (High)

Shoal 2 (Low)

Shoal 3 (Moderate)

Hydrology
Average half cross
section depth (cm)

6.34 (1.34-13.19)*

21.33 (11.5033.81)**

5.65 (0.29-11.86)

Half cross section
discharge (m3/s)

1.61 (0-4.97)*

4.31 (0.15-12.26)**

1.86 (0-7.56)

Average half cross
section flow velocity
(m/s)

0.060 (0-0.18)

0.060 (0.0019-0.21)

0.072 (0-0.25)

Dissolved oxygen
(mg/L)

9.73 (7.35-13.09)*

10.14 (7.44-14.03)**

10.99 (7.64-15.50)***

Conductivity (µs/cm)

122.88 (57.60186.3)

122.21 (55.7-182.9)

123.69 (57.0-190.0)

pH

7.36 (6.66-8.12)*

7.67 (6.94-8.76)**

8.10 (7.04-8.96)***

Oxidation Reduction
Potential (mv)

181.33 (105.5263.5)

175.86 (114.6255.4)**

154.93 (97.7-225.0)***

Turbidity (NTU)

22.81 (3.31-118.0)*

21.32 (2.46-128.5)**

19.59 (0.59-116.5)***

Phosphorus (mg/L)

0.021 (0.002-0.074)

0.015 (0.002-0.051)

0.013 (0.002-0.065)

Nitrogen (mg/L)

0.66 (0.15-1.41)*

0.51 (0.25-1.46)**

*0.40 (0.14-1.01)***

Wetted shoal width
(m)

19.23

33.25

14.04

Shoal length (m)

412.81

156.30

230.51

Shoal gradient (m/m)

0.0060

0.0033

0.0062

0.59

0.25

0.44

Water Quality

Geomorphic

Substrate
Proportion coarse
substrate

* Significant difference between Site 1 and 2 at α = 0.05;** Significant difference between Site 2
and 3 at α = 0.05; *** Significant difference between Site 1 and 3 at α = 0.05
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Table 2.4. Results of AICc model selection on a priori candidate models for habitat covariates
hypothesized to influence the probability of Hymenocallis coronaria presence in microhabitat
sites (0.25 m2) in Stevens Creek, McCormick County, SC, USA.
Model

ΔAICc

AICc
Weight

Β0(Intercept) + β1(depth) + β2(substrate type) + β3(rugosity) +
β4(canopy cover) + β5(willow cover) + β6(riverweed cover)

0

0.88

Β0(Intercept) + β1(depth) + β2(substrate size) + β3(rugosity) +
β4(willow cover) + β5(riverweed cover) + β6(other veg cover) +
β7(substrate type) + β8(flow) + β9(canopy cover)

5.58

0.054

Β0(Intercept) + β1(depth) + β2(substrate type) + β3(canopy cover)

6.79

0.029

Β0(Intercept) + β1(depth) + β2(substrate type) + β3(rugosity)

7.45

0.021

Β0(Intercept) + β1(depth) + β2(substrate type) + β3(depth*substrate
type)

9.14

Β0(Intercept) + β1(depth) + β2(substrate type) + β3(canopy cover) +
β4(depth*substrate type) + β5(depth*canopy cover)

4.37

Β0(Intercept) + β1(depth) + β2(canopy cover) + β3(willow cover) +
β4(riverweed cover)

27.25

Β0(Intercept) + β1(depth) + β2(flow)

32.73

6.2E-08

Β0(Intercept) + β1(depth) + β2(rugosity) + β3(depth*rugosity)

34.28

5.9E-08

Β0(Intercept) + β1(depth)

32.79

5.2E-08

Β0(Intercept) + β1(depth) + β2(flow) + β3(depth*flow) + Shoal

32.15

4.1E-08

Β0(Intercept) + β1(depth) + β2(canopy cover) + β3(depth*canopy
cover)

32.80

Β0(Intercept) + β1(canopy cover) + β2(willow cover) +
β3(riverweed cover)

70.77

Β0(Intercept) + β1(substrate size) + β2(rugosity)

63.74

1.0E-16

Β0(Intercept) + β1(canopy cover)

92.80

5.5E-17

Β0(Intercept) + β1(substrate size)

82.48

9.9E-23

Β0(Intercept)

90.78

8.3E-23

Β0(Intercept) + β1(canopy cover) + β2(willow cover)

94.83

7.5E-23
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0.014
0.0052
1.7E-06

7.0E-09
3.1E-16

Table 2.5. Results from AICc model selection on a priori candidate models for habitat covariates
hypothesized to influence Hymenocallis coronaria density at the shoal scale in Stevens Creek,
McCormick County, SC, USA.
Model Structure

ΔAICc

AICc
Weight

Β0(Intercept) + β1(length)

0

0.360

Β0(Intercept) + β1(length) + β2(gradient)

2.73

0.090

Β0(Intercept) + β1(length) + β2(upstream pool)

2.30

0.081

Β0(Intercept) + β1(length) + β2(width)

3.01

0.080

β1(Intercept)

3.08

0.077

Β0(Intercept) + β1(width) + β2(length) + β3(distance from dam)

3.21

0.072

Distance from dam will affect lily density

3.39

0.066

Β0(Intercept) + β1(upstream pool)

5.25

0.026

Β0(Intercept) + β1(radiation)

5.27

0.026

Β0(Intercept) + β1(width)

5.63

0.022

Β0(Intercept) + β1(upstream lily density)

5.72

0.021

Β0(Intercept) + β1(gradient)

5.72

0.021

Β0(Intercept) + β1(width) + β2(length) + β3(radiation)

5.77

0.020

Β0(Intercept) + β1(width) + β2(length) + β3(upstream pool)

6.32

0.015

Β0(Intercept) + β1(width) + β2(length) + β3(upstream lily density)

6.33

0.015

Β0(Intercept) + β1(width) + β2(upstream pool)

8.26

0.0058

Β0(Intercept) + β1(width) + β2(length) + β3(gradient) + β4(upstream
pool) + β5(radiation) + β6(distance from dam) + β7(upstream lily
density)

21.68

7.05E-06
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Table 2.6. Substrate composition derived from modified Wolman pebble counts for three shoals
with varying Hymenocallis coronaria density in Stevens Creek, McCormick County, SC, USA.
Coarse substrates are identified by the inset box.
Shoal

Silt

Sand

Gravel

Cobble

Boulder

Bedrock

1 (High)

0.02

0.01

0.08

0.35

0.16

0.38

2 (Low)

0.08

0.17

0.16

0.04

0.05

0.50

3 (Moderate)

0.05

0.01

0.15

0.17

0.12

0.50
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Figures

Figure 2.1 Eight-kilometer study segment of Stevens Creek in McCormick County, SC, USA
with all 22 shoals and a large land disturbance identified. Only study shoals were used for the
microhabitat and monitoring portions of the study and all 22 shoals were used for shoal-scale
habitat modeling.
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Figure 2.2. Effect sizes of predictor variables included in the top-ranked model examining the
effect of habitat covariates on the probability of Hymenocallis coronaria presence in
microhabitat sites (0.25 m2) in Stevens Creek, McCormick County, SC, USA. Bedrock serves as
the substrate type reference level and is not shown on this figure.
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Figure 2.3. Predictive plot showing the estimated relationship between water depth and
Hymenocallis coronaria presence in microhabitat sites (0.25 m2) in Stevens Creek, McCormick
County, SC, USA. Predictions were generated with the assumption that coarse substrate is
present.
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Figure 2.4. Predictive plot showing the estimated relationship between substrate type and
Hymenocallis coronaria presence in microhabitat sites (0.25 m2) in Stevens Creek, McCormick
County, SC, USA.
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Figure 2.5. Continuous average half cross section water depth in three shoals with varying
Hymenocallis coronaria density during the growing season in Stevens Creek, McCormick
County, SC, USA. Half cross sections bisected the H. coronaria colony in each shoal.
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CHAPTER 3
ESTABLISHING RESULTS-BASED STANDARD PRACTICES FOR IMPLEMENTING
HYMENOCALLIS CORONARIA RESTORATION IN FALL LINE SHOALS

Abstract
As interest in ecological restoration has increased globally, efforts have been made to
establish universal, science-based standard practices for implementing restoration projects as the
field has historically lacked consistency in this regard. In the southeastern United States, these
shortcomings are reflected in past and current efforts to restore Hymenocallis coronaria, a
charismatic and imperiled macrophyte endemic to fall line streams. The goal of our research was
to provide H. coronaria restoration practitioners with results-based restoration practices by
investigating the effects of season, life stage, and technique on H. coronaria restoration success,
with additional considerations given to treatment efficiency. We used Binomial Generalized
Linear Mixed Models to analyze H. coronaria survival in experimental restoration plots in five
shoals in Stevens Creek, South Carolina. Our results indicate that season is the most important
factor in restoration success, but life stage and technique also play prominent roles. When
comparing the different treatments, our models indicated that wrap and wedge techniques that
used bulbs in the spring or summer and the same techniques using seedlings in the summer were
the most successful. After considering efficiency, we recommend that future restoration efforts
focus on using the wedge technique with seedlings or broadcasting seeds during the summer,
although wedging with bulbs should also be considered if maximizing success is the top priority.
Our results-based recommendations have the potential to improve H. coronaria restoration
practices and contribute to process-based restoration of the biodiverse and threatened shoals of
fall line streams of the Southeast.
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Introduction
Restoration ecology is still a relatively new discipline within the broad field of ecology
and therefore is developing rapidly as the potential benefits of restoration are realized (Palmer et
al., 2016; Perring et al., 2015; Suding, 2011). A growing global interest in ecological restoration
has necessitated the development of standards for planning, implementing, and monitoring
restoration projects in order to maximize their potential benefits (Gann et al., 2019; Palmer et al.,
2005; Suding, 2011). Most of the work in this realm has focused on establishing standard
measures of success for post-restoration monitoring (Bernhardt et al., 2005; Bernhardt et al.,
2007; Higgs et al., 2018; Schlatter et al., 2016; Suding, 2011), but the need for standards related
to the implementation of restoration treatments has begun to be realized (Gann et al., 2019). The
Society for Ecological Restoration (SER) emphasizes that treatments should be rooted in the
scientific process and that the best available scientific research should dictate what treatments are
used and how they are implemented (Gann et al., 2019). These implementation and monitoring
challenges are magnified when considering stream restoration, which has swiftly evolved into a
billion-dollar industry due to the well-established ecological benefits and ecosystem services
provided by streams and their widespread degradation (Bernhardt et al., 2005; Bernhardt et al.,
2007; Wohl et al., 2015). Unfortunately, current research indicates that the majority of formally
evaluated stream restoration projects do not improve stream ecosystem function and most
projects are not evaluated at all (Bernhardt et al., 2005; Wohl et al., 2015). In response to these
failures, many researchers have called for a shift from form-based restoration practices to more
holistic, process-based approaches that strive to restore normal ecosystem functions such as
vegetation growth, nutrient cycling, and sediment transport (Beechie et al., 2010; Bernhardt &
Palmer, 2011; Wohl et al., 2015).
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An under-researched aspect of process-based stream restoration approaches is the
restoration of native stream macrophytes, which are large aquatic vascular plants that play an
important role in the structure and function of stream ecosystems (Alahuhta et al., 2021; Allan &
Castillo, 2007; Bakker et al., 2016; Madsen et al., 2001; O’Hare et al., 2018). While most
research has focused on using macrophytes as indicators of improved biotic processes for
restoration project evaluations (Baattrup-Pedersen et al., 2000; Kail et al., 2015; Lorenz et al.,
2012; O’Hare et al., 2018), recent research has begun to explore the ecological (Altieri et al.,
2021; Marsh et al., 2021; O’Hare et al., 2018) and hydromorphological (O’Briain et al., 2022)
benefits of implementing macrophyte restoration as part of a larger stream restoration project.
This approach has yet to be applied to the highly biodiverse streams of the southeastern United
States (Lydeard & Mayden, 1995), where macrophyte restoration research is essentially nonexistent. Nevertheless, the need for effective stream restoration in the Southeast has never been
greater, as agriculture, rapid population growth, flow modification, and climate change continue
to strain water resources and degrade stream ecosystems (Bunn & Arthington, 2002; Sudduth et
al., 2007; Sun et al., 2008).
One potential candidate for macrophyte restoration in the Southeast is Hymenocallis
coronaria (LeConte) Kunth (Amaryllidaceae), a rare and threatened emergent macrophyte
endemic to bedrock shoals in fall line streams of Alabama, Georgia, and South Carolina
(Davenport, 1996). Fall line shoals are characterized by shallow stream depths, high stream
gradients, and coarse, patchy substrates that support high biodiversity. H. coronaria has a shoaldependent life history, in which plants emerge from bulbs that are anchored in the shoal substrate
by contractile roots (Davenport, 1996; Gordon & Wear, 2011). H. coronaria populations
declined concurrently with their required shoal habitat throughout the 20th century due to flow
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modification from hydroelectric dam construction and water quality degradation from watershedscale land use changes (Lydeard & Mayden, 1995; Davenport, 1996; Wrona et al., 2007; Gordon
& Wear, 2011). The species was rejected for endangered species listing, leaving its conservation
to state natural heritage programs and non-profit organizations, which are often limited by
staffing and funding constraints (L. Davenport; H. Brown, pers. comms.). The previously
described natural beauty and cultural value of H. coronaria (see Chapter One) has led to multiple
grassroot restoration efforts over the last 25 years, but most have been hampered by low success
and minimal incorporation of the scientific process, at least in the form of published findings (C.
Aulbach; H. Brown; L. Davenport; C. Sermons; J. Townsend, pers. comms.). However, past
failures have not diminished restoration interest, with a community-driven effort currently
underway in the Chattahoochee River in Columbus, Georgia that is part of larger restoration
project centered around dam removal (J. Rodgers, pers. comms). Therefore, there is a need to
incorporate the scientific process and H. coronaria ecology to identify what factors have the
greatest influence of H. coronaria restoration success.
In order to implement H. coronaria restoration, practitioners need H. coronaria plants to
outplant into their target stream. Due to underlying botanical interest, past restoration projects
have developed methods to propagate bulbs for outplanting, but there is a need to examine the
efficacy and necessity of these propagation methods. Assuming practitioners have H. coronaria
plants, the first major factor to consider for H. coronaria restoration is the seasonal timing of
efforts. Season plays a large role in determining flow conditions, particularly high velocity
flooding events in the winter and early spring that lead to failed establishment (Riis et al., 2009)
and low flow drought conditions in the summer and fall that stress plants and expose them to
detrimental white-tailed deer herbivory (Aulbach, 2007; Gordon & Wear, 2011). Past H.
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coronaria restoration efforts have primarily occurred during the summer, but a previous project
in South Carolina conducted efforts in the fall (C. Aulbach; J. Townsend, pers. comms.). The
next major factor is the life stage used for restoration. Life stage has not received much attention
in stream macrophyte restoration, but is a topic of great interest in seagrass restoration (Balestri
et al., 2021) and the effect of H. coronaria’s unique life history merits exploration. As far as we
know, all past H. coronaria restoration projects have only used bulbs (J. Townsend, pers.
comms.), which allows the plant to go through its critical seedling life stage in a controlled
setting (Balestri et al., 2021) and maximizes biomass and root strength at the time of outplanting
(Riis et al., 2009). However, transplant shock and insufficient adhesion to the streambed have led
to limited success (J. Townsend; J. Rodgers; C. Sermons, pers. comms.), leading past researchers
to hypothesize about the effectiveness of seed-based restoration (C. Aulbach; L. Davenport, pers.
comms). To our knowledge, seedling-based restoration has not been previously considered and
can be viewed as a compromise between seed and bulb-based restoration. The last major factor
to consider is the technique used to restore H. coronaria. Existing stream macrophyte restoration
techniques are primarily focused on alluvial streambeds where it is possible to dig holes for
outplanting (Larned et al., 2006; Riis et al., 2009). Since this is typically not possible in the
coarse substrates of fall line streams, we developed three new techniques based on past H.
coronaria restoration efforts, H. coronaria ecology, and fall line stream substrate and hydrology.
These techniques, which we will describe in greater detail in the Methods section, were designed
to test the effect of varying levels of structural support (Riis et al., 2009). Finally, due to
aforementioned lack of resources for H. coronaria restoration, we decided that it was important
to consider the efficiency of different factor combinations (hereafter referred to as treatments).
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While habitat characteristics are undoubtedly important to macrophyte restoration
success (Larned et al., 2006; Riis et al., 2009), the goal of our study was to establish resultsbased standard practices for the implementation of H. coronaria restoration. Specifically, our
first objective was to evaluate the efficacy of existing propagation methods. Our second
objective was to examine the effect of three factors on H. coronaria restoration success: season
(fall, spring, and summer), life stage (seed, seedling, and bulb), and technique (wedge, mat, and
wrap). Our final objective was to examine the overall efficiency of each treatment to ensure that
practitioners are using their limited resources effectively. While the current propagation methods
are likely adequate, we hypothesized that the large emphasis placed on bulbs was not rooted in
H. coronaria ecology. We predicted that season would have the greatest effect on H. coronaria
restoration success, followed by life stage and technique. Within season, we predicted that
restoration success would be highest in the summer, followed by spring and fall. For life stage,
we predicted that seedling-based treatments would have the highest restoration success, followed
by seed and bulb-based treatments. Within techniques, we predicted that mat treatments would
have the highest success, followed by wrap and wedge treatments. Lastly, we predicted that seed
and seedling-based treatments would be more efficient than bulb-based treatments. Findings
from our research have the potential to increase the success of future H. coronaria restoration
efforts and contribute to process-based restoration of fall line streams in the Southeast.
Methods
Site Description
We conducted all experimental restoration efforts within the eight-kilometer stream
segment outlined in Chapter One of this thesis (Figure 3.1). We used all three of the previously
described study shoals (Shoals 1, 2, and 5 for the purposes of this chapter) and selected two
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additional shoals (Figure C-1) based on qualitative habitat assessments and access logistics. All
restoration shoals had relatively similar hydrology, geology, and light availability, but local
variations in fluvial geomorphology created unique, defining characteristics that were of general
interest to H. coronaria ecology and restoration. Shoal 1 was located directly downstream of the
Parks Mill low head dam and appeared to have excellent habitat as it supported the secondlargest colony of H. coronaria in South Carolina. Shoal 2 contained a single H. coronaria clump
and had the deepest water depth amongst our restoration shoals. Shoal 3 also contained a single
H. coronaria plant, was located just downstream of Shoal 2, and was uniquely located in a
narrow side channel where flow diverts around a large, forested bedrock island, causing
shallower water depths and a more closed canopy than other shoals. Shoal 4 historically
supported a large H. coronaria colony that was decimated by white-tailed deer (Odocoileus
virginianus) herbivory. Shoal 5 was just downstream from Shoal 4 and supported a moderately
large, albeit declining, H. coronaria colony, with deer herbivory and extremely low water depths
the hypothesized cause of the decline (Aulbach, 2007; pers. obs.). From an experimental design
perspective, it was not ideal to conduct restoration where H. coronaria plants already occur.
However, we felt that we had legitimate reasons for selecting our restoration shoals. While Shoal
1 had an incredible H. coronaria density, the colony was located entirely on the right margin of
the creek. We conducted our restoration efforts on the left margin, which had suitable habitat but
historically never had H. coronaria plants (B. Stringer, pers. comms.) and could not have had
seeds naturally deposited through hydrochory. Shoal 2 only supported one plant and our
restoration efforts occurred upstream of the plant. Although our restoration efforts did occur in
the vicinity of the single plant in Shoal 3, this plant had not begun producing seeds and therefore
did not interfere with our study. We chose to use Shoal 4 due to its historically suitable habitat
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and to explore the impact of deer herbivory on restoration success. Despite the moderate density
of H. coronaria in Shoal 5, the adjacent landowners were key supporters of our research and we
felt their role as stakeholders was important to preserve (Gann et al., 2019). Furthermore, there
was a limited number of shoals that were both easily and routinely accessible in Stevens Creek
and restricting ourselves to shoals without H. coronaria would have made our study impossible.
Propagation and Life Stage
In order to implement restoration, we obtained H. coronaria in the seed, seedling, and
bulb life stages (Figure 3.2). We collected approximately 500 H. coronaria seeds from the robust
Parks Mill colony during peak seed production (late June/early July) in both 2020 and 2021. All
of the seeds we collected in 2020 were propagated into bulbs and all seeds collected in 2021
were either used directly in seed-based restoration efforts or propagated into seedlings. We
collected seeds by walking through the colony and picking lightly attached seeds that were large,
dark green, and appeared healthy, immediately placing them in a gallon zip lock bag with creek
water to prevent desiccation. We prioritized seeds on flowering scapes that were leaning down
into the stream or detached and sitting on the streambed. We took seeds back to a greenhouse in
Clemson University’s Biosystems Research Complex where all propagation efforts were
conducted. We adapted bulb propagation techniques from methods developed by late South
Carolina Native Plant Society (SCNPS) member, Joe Townsend. Once the seeds were in the
greenhouse, we immediately placed them in plastic kiddie pools with 2-4 inches of aerated water
(Figure C-2a). A separate undergraduate research project (Baucom et al., 2020) concluded that
germination times did not differ across different aeration treatments (air stones, aquarium pumps,
and no aeration) or collection conditions (picked off the plant vs. picked off the streambed).
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Once the seeds germinated (Figure C-2b) and developed a radicle, hypocotyl, and
cotyledon, we potted them in standard greenhouse pots each filled with approximately three
inches of locally sourced surge rock and five inches of sand. We placed one to three germinated
seeds in each pot by digging the radicle into the sand to a depth that allowed the hypocotyl to be
level with top of the sand and the cotyledon(s) erect above the sand (Figure C-2c). We placed the
pots back in the filled kiddie pools, making sure the growing medium remained constantly
saturated. To save space, we also potted some seeds into standard greenhouse grow trays in a 6 x
8 grid. Our potting process occurred throughout July, with timing dependent on when seeds were
collected and their maturity. Our potted seedlings grew quickly, becoming mature bulbs in three
months (Figure C-2d). Our propagation setup required weekly routine checks, which consisted of
filling the water level in the pool, pulling weeds in the pots, cleaning the pump filters and air
stones, and recording observations and person-hours. We used 192 of our greenhouse-propagated
bulbs in the Fall 2020 restoration effort and we moved half of the remaining bulbs, along with
their pools, to an outside area for the winter. We kept the rest of the bulbs in pools in the
greenhouse where we were able to maintain constant climate conditions (temperature, sunlight,
humidity, etc.) so we could compare the dormancy/reappearance dates of the inside and outside
pools. Additionally, we acquired approximately 50 bulbs in late Fall 2020 from a SCNPS
member who propagated them outside following the Townsend methods outlined above. We
removed bulbs from their pots the night before restoration efforts, due to field logistics, and
placed them in large gallon bags with water covering the roots. We placed the bag in a cooler
without ice for spring and summer restoration efforts to provide protection from the heat. If time
is not a limiting factor, bulbs could also be de-potted the day of restoration. In order to limit
transplant shock, we de-potted bulbs carefully by loosening the rock/sand medium by squeezing
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the bottom of the pot and dumping out the medium while loosely pulling on the bulb collar (J.
Rodgers, pers. comms.).
In addition to bulbs, our restoration efforts in the summer of 2021 also involved seed and
seedling-based treatments. We did not use these life stages in fall or spring efforts because life
cycle of H. coronaria dictates that these life stages are only present during the summer (i.e., they
grow into bulbs before they can be used in the fall or spring). We used some seeds in restoration
efforts the day they were collected, but we stored others in pools with aerated water until they
were used. If seeds were destined to be grown into seedlings, we placed them in pools with
aerated water until they developed a radicle, hypocotyl, and cotyledon. For the purposes of this
project, we defined a seedling as any individual that had fully developed those plant parts but
was still connected to the seed and relying on it for energy.
Techniques
We used three primary restoration techniques across all life stages and seasons. Our first
technique consisted of wedging H. coronaria individuals, regardless of life stage, into the stream
substrate. This wedge technique was the most natural (i.e., most similar to its life history) and
provided minimal structural support to the individual. Examples of different variations of this
technique included wedging individuals into an actual crevice of the bedrock, lifting or
rearranging cobbles so an individual could be securely wedged, or digging a hole 6-8 inches into
finer substrate and placing the individual into the hole (Figure 3.3a-c). Our other two techniques
involved the use of BioD-Mat® 90 coir erosion control matting (RoLanka International Inc.,
Stockbridge, GA), which was less natural, but provided more structural support to the individual.
BioD-Mat® is made from heavy-duty coir, a biodegradable fiber made from the outer husk of a
coconut. This specific version of the matting featured the smallest available holes (0.76 cm x
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1.27 cm) in between the fiber rope and an advertised biodegradation time of 4-6 years, both of
which were important characteristics for our purposes. Our general reasoning behind these coirbased techniques was that coir should provide additional habitat structure and protection from
flows that could dislodge the individuals before the contractile roots adhered to the substrate.
Our coir-assisted mat technique provided moderate structural support and entailed threading the
stems (if present) of the H. coronaria individuals through the netting of a small section
(approximately 1 m x 0.5 m) of coir mat, placing the mat on the streambed downstream of a
large bedrock outcrop or boulder, and weighing the mat down with cobble from the stream
(Figure 3.3d). Our coir-assisted wrap technique provided the most structural support and
consisted of securing individuals to large cobbles by wrapping them in coir matting, threading
the stems (if present) through the netting, using coir twine to tie the wrap together and ensure
there were no holes large enough that a H. coronaria individual could slip through, and then
placing the cobble wraps on the streambed (Figure 3.3e). Our wrap technique was adapted from
a previous local restoration effort conducted by SCNPS and Naturaland Trust that used plastic
materials (J. Townsend, pers. comms.).
Season and Plot Design
We conducted fall, spring, and summer restoration efforts in November 2020, April 2021,
and August 2021, respectively. Each of our restoration efforts consisted of three wedge
technique plots for each life stage used in the season. All of our plots were 100 m2 in size, with
dimensions of 10 m x 10 m for all shoals in the main channel of the creek and 5 m x 20 m for
plots in the narrow side channel of Shoal 3. We delineated wedge plots using a transect tape and
compass, marking the corners using a variety of methods depending on the corner. Examples of
our corner marking techniques included spraying waterproof forestry paint on dry, exposed
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rocks, driving flagged rebar into the streambank or soft area of the streambed, and flagging tree
branches hanging over the creek. In addition to three wedge plots, each of our restoration efforts
also included at least 6 plots each of the coir mat and wrap technique for each life stage we used
in the season. For the purposes of this project, we considered each unique mat or wrap its own
plot and placed all of our coir-assisted plots for each season in the same general area of the shoal
to aid in success assessments. We did our best to keep sample sizes equal amongst plot types
within seasons, but unforeseen bulb mortality and acquisition made this difficult to maintain
across seasons. A summary of the number of plants we allocated to each factor and treatment can
be found in Tables 3.1 and 3.2, respectively. We made efforts to select plot locations with
suitable habitat, no naturally occurring, seed-producing H. coronaria plants in the general
vicinity, and away from expected seed deposition zones to reduce the chances of plants naturally
establishing within our plots. In situations where avoiding naturally occurring plants was not
possible, we counted the number of H. coronaria plants in the plot before outplanting to ensure
that the success of restoration efforts was not overestimated. This only occurred within a few
plots in Shoal 5, and we are confident that the combination of accurate pre-restoration counts and
the lead author’s familiarity with each plot sufficiently preserved the scientific integrity of these
plots. Since we expected the coir to still be present at the time of assessment, we did not count
naturally occurring H. coronaria plants in the vicinity of coir plots since restored plants could
easily be distinguished by the presence of coir.
Efficiency
We documented the effort required to conduct all greenhouse and field work for this
restoration project in the form of person-hours (e.g., three people working for two hours equals
six person-hours). The only field work that we did not include in person-hour counts was the
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time we spent conducting success assessments because we felt that including it would not reflect
the amount of effort needed to actually achieve the associated level of success. However,
monitoring success is a vital step in stream restoration (Wohl et al., 2015; Gann et al., 2019) and
we advocate assessing and documenting the outcome of any future efforts. We summed the
person-hours for each unique treatment and divided it by the number of established plants for
that treatment to give us a ratio estimating the number of plants established for each person-hour
worked. In addition to the three main techniques, we implemented a seed broadcast technique in
the summer for the purposes of success/effort ratio comparison. For this technique, we threw
freshly collected seeds into a shoal that did not contain any naturally occurring H. coronaria
plants and had a minimal upstream seed source. We intended for this anthropochory technique to
simulate normal hydrochory and establishment of H. coronaria.
Assessment
We assessed restoration plots for successful establishment of outplanted H. coronaria at
various points in time based on life history and seasonal creek conditions. We assessed the Fall
2020 effort in May 2021 (~six months later) and we assessed the Spring and Summer 2021
efforts in October 2021 (5 ½ and 1 ½ months later, respectively). The spring and summer
establishment or dislodgment periods, depending on one’s perspective, were shorter than the fall
effort’s period, which was necessary because a six-month period would have necessitated that
the assessments take place after H. coronaria senesced for the year and when creek conditions
are not conducive to accessing the shoals. However, we will assess the spring and summer
efforts again in May 2022 for the purposes of a future publication. To assess restoration plots,
two people counted every H. coronaria plant by walking systematic transects through the plot.
We then subtracted the number of H. coronaria plants present in the plot prior to restoration,
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giving us the number of H. coronaria individuals established through restoration. The long
biodegradation time of the coir allowed the coir to still be intact when we assessed, assuming the
entire wrap or mat was not transported downstream by flood flows. Therefore, we only counted
H. coronaria plants growing out of discernible coir for coir-assisted plots.
Data Analysis
We assembled all data using Microsoft Excel (Microsoft, Redmond, WA) and conducted
analyses using Program R version 2021.9.21 (R Core Team, 2021). Due to our unbalanced
experimental design across factor levels and treatments, we chose to not conduct analyses at the
plot level, instead choosing to treat each outplanted H. coronaria plant as a unique restoration
unit, which we assigned a specific level of each factor in our database according to how it was
outplanted. We used Binomial Generalized Linear Mixed Models with a logit link function to
determine which factors were most important to successful H. coronaria establishment and
which treatments were the most successful. We included shoal as a random effect in the models
to account for spatial correlation between restoration units in the same shoal.
We developed a set of a priori single factor predictor models to test our hypotheses
related to the overall importance of each factor and the effect each factor level has on restoration
success (Table 3.3). Using the ‘lme4’ package (Bates et al., 2015) and the ‘MuMin’ package
(Bartoń, 2020), we fit and performed model selection on the models based on Akaike’s
Information Criterion for small sample sizes (AICc; Burnham and Anderson, 2002). We
interpreted the individual effects of all the factor levels included in each model in the set. We set
the intercept or reference level of each model to be the factor level that had the highest number
of plants allocated to it. We considered each factor level’s effect size to be statistically
significant if 95% confidence intervals of the effect size did not overlap zero. If reference level
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effect size intervals did not overlap zero, we determined that the coefficient estimate was
significantly different than zero, which after exponentiating and converting to probability,
indicated that the probability of success was significantly different from 0.5. If non-reference
level effect size intervals did not overlap zero, we determined that the difference between the
factor level and the reference level was significantly different than zero, which after
exponentiating and converting to probability, indicated that the probability of success for that
factor level was significantly different than the reference level.
We followed a similar methodology with additional models designed to test the
individual effects of life stage and technique within a subset of summer-only data and the effect
of season within a subset of bulb-only data. These subset models had the advantage of being fit
with a balanced dataset (e.g., all life stages were used for all techniques in the summer and bulbs
were the only life stage used in every season) and we used them to determine if the models fit
with our subset, balanced dataset produced different interpretations than our full, unbalanced
dataset. We did not include our seed broadcast technique in any of the previously described
models because the nature of the technique made establishing plots within the broadcast shoal
impossible, causing a lack of replication and making the technique difficult to compare with
other techniques due to scale issues. Instead of statistically analyzing effort/success ratios for
each treatment, we visually compared the ratios using graphical methods to aid in the
development of our recommendations. While we did not formally analyze any aspects of the
propagation process, we did qualitatively assess its overall effectiveness and feasibility for future
efforts.
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Results
Propagation
The overall germination rate across both year’s propagation efforts was nearly 100% and
germination times ranged anywhere from 2-16 days. Once a seed germinated it always developed
into a seedling and, if not outplanted as a seedling, always continued to develop into a bulb.
Once potted, bulbs were fairly easy to keep alive throughout the propagation process, with less
than 10 individuals dying over the course of the project. In general, we observed earlier
dormancy for bulbs that were moved outside for the winter compared to bulbs that remained in
the greenhouse, although these observations were not uniform. Similarly, we observed, with
some exceptions, earlier reemergence of stems from bulbs kept in the greenhouse over the winter
compared to those that were moved outside.
Restoration Success
Overall, our restoration efforts yielded a relatively high proportion of successful H.
coronaria establishment, with 218 of the 843 outplanted plants (25.9%) becoming established.
Treatments in the summer were the most successful across all life stages and techniques, but we
also observed moderate success with spring treatments (Figure 3.4). Individuals in the seedling
life stage were the most successful across all seasons and techniques (Figure 3.4), although it is
worth noting that we only used them in the summer. Conversely, we used bulb-based treatments
in all seasons and they still had a proportion of success close to that of the overall study (Figure
3.4). The wedge technique had the highest proportion of success across all seasons and life
stages, with the wrap treatment not far behind (Figure 3.4). We observed the highest proportion
of success in Shoal 1 but success proportions in Shoals 2 and 3 were also above the overall
success proportion (Figure 3.5).
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Model selection on our a priori full dataset models indicated that season was the most
important single predictor of H. coronaria restoration success, while the individual effects of life
stage and technique were approximately the same (Table 3.3). Interpretation of our season-only
model indicated that there was not a significant difference between the predicted restoration
success of efforts that occurred in the spring compared to the summer (Table 3.4). However, our
model predictions indicated that restoration efforts that occurred in the fall had significantly
lower restoration success than those that occurred in the summer and spring (Table 3.4). When
considering life stage, our model indicated that seed-based restoration efforts had a significantly
lower predicted restoration success than bulb and seedling-based restoration efforts, which did
not have significantly different predicted restoration success (Table 3.4). Our interpretation of
the technique-only model suggests that restorations using the mat technique had significantly
lower restoration success than those using the wedge and wrap technique, which had nearly
identical predicted success probabilities (Table 3.4).
Our interpretation of our summer subset life stage model corroborates our full dataset life
stage model interpretation (Table 3.5). However, our summer subset technique model indicated
that wraps had significantly higher predicted success compared to wedge and mat techniques,
which was not predicted in our full dataset technique model (Table 3.5). Another difference
between our summer subset and full dataset technique models was that mats were not predicted
to have lower success compared to wedge in the summer. Our bulb subset season model
corroborated all of our full dataset season model interpretations (Table 3.5).
Restoration Efficiency
Our seed and seedling-based treatments involved substantially less effort compared to our
bulb-based treatments. Of our three main techniques, wedge required less effort than both coir
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techniques, with the wrap requiring substantially more effort than the mat. However, our
broadcast technique implemented for the purposes of the success/effort ratios only required two
hours to complete. When considering bulb-based treatments that were done in every season,
increased effort was required for each subsequent season because of the additive effort required
to keep the bulbs alive in the greenhouse. Our computed success/effort ratios (Figure 3.6)
indicate that seedlings wedged during the summer were the most efficient treatment and seed and
seedling-based treatments implemented in the summer were more efficient overall compared to
bulb-based treatments implemented in the fall and spring. Despite only yielding three established
H. coronaria plants from 161 seeds (1.86%), our broadcast technique had the second-highest
success/effort ratio due to the minimal effort require for its implementation (Figure 3.6).
Discussion
The nearly complete germination and subsequent seedling and bulb development
indicates that our propagation methods were successful in providing the necessary life stages for
H. coronaria restoration. While using a greenhouse may not be feasible for future projects, Joe
Townsend, the primary developer of these methods, and the SCNPS member who donated bulbs
to our project successfully conducted their propagation outdoors. If growing bulbs outside, deer
deterrents (e.g., fencing or spraying) should be used because deer will preferentially browse on
young H. coronaria stems (Aulbach 2007; Gordon & Wear 2011), leading to mortality in young
bulbs (J. Townsend; V. Meador, pers. comms.). The results from our qualitative outdoor/indoor
bulb dormancy experiment also provide support for the feasibility of outdoor operations. While
we observed that bulbs kept outside have a longer dormant period that those kept indoors, the
number of exceptions to this trend suggest that other factors besides climate and light exposure
are influencing dormancy. The fact that bulbs kept in the climate and light-controlled greenhouse
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still underwent a dormant period points to dormancy potentially being determined by an internal
clock (i.e., how long the plant has already been active) rather than environmental conditions. The
overall simplicity of the propagation process provides support for the feasibility of H. coronaria
restoration on a larger scale as part of a broader fall line stream restoration project. However,
when sourcing seeds for propagation it is imperative to conserve the species’ current genetic
divergence and diversity by ensuring that genetic material (i.e., seeds) is only sourced from
within the watershed (if H. coronaria is currently extant) or from the closest population (if not
currently extant; Markwith & Parker, 2007). Despite the overall simplicity and effectiveness of
the bulb propagation methods, the low efficiency of bulb-based treatments indicates that it may
not be necessary. As we predicted, it appears that the high emphasis placed on propagating bulbs
is rooted more in botanical interests than H. coronaria ecology. Future practitioners need to
weigh whether the main objective of the project is to maximize efficiency by only producing
seedlings or pursue bulb propagation for underlying botanical interests.
We were pleasantly surprised by the high proportion of successfully established plants
produced by our restoration efforts. Since there are no other published results of H. coronaria
restoration, we are unable to formally compare our results to past efforts, but our personal
correspondence with other H. coronaria researchers suggest that this is the most successful effort
to date. We believe all plants that we attributed to successful restoration truly came from our
restoration efforts, but there is a small chance some were naturally recruited. Model selection
clearly supported our prediction of season having the greatest impact on restoration success
compared to life stage and technique, which have approximately the same influence. While we
did not fit a model that contained all three factors due to the complexity of interpreting models
with multiple categorical predictors, it is likely that season, life stage, and technique all
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simultaneously influence restoration success. The proportion of successful establishment in the
summer, especially when using seedlings, appears to be a major driver of our high success rate.
To this point, seedlings had the highest observed proportion of success amongst all life stages
and was the only life stage with an establishment rate above the overall rate. Success rates from
wedge and wrap techniques were also above the overall study’s proportion of success, indicating
that they also considerably influenced our overall success. Our observation of substantially
higher establishment rates in Shoals 1-3, particularly Shoal 1, provide support for the influence
of microhabitat and shoal scale habitat characteristics on restoration success, although this
particular study did not quantify these relationships. For example, we hypothesize that the low
head dam directly upstream of Shoal 1 contributed to the high success by mitigating flood flows
and contributing to the high proportion of coarse substrate in the shoal (Csiki & Rhoads, 2010).
Results from Chapter Two of this thesis indicate that H. coronaria is most likely to naturally
establish in shallow water with coarse substrate, and we recommend that restoration treatments
target these characteristics for site selection to maximize success. Deer herbivory can also
influence the success within a shoal, which was evidenced by our low success in Shoals 4 and 5
due to high herbivory pressure (Figure A-2). Like O’Hare (2018), we recommend the use of
herbivore control or deterrents when conducting restoration in areas with high deer density.
When examining our season model across all life stages, the significantly lower predicted
success of fall restoration efforts compared to spring and summer likely also had a strong
influence on the strong overall effect of season on our restoration success. Low establishment
from fall restoration efforts was most likely due to high velocity flood flows in the late fall and
winter that can cause bulb dislodgement in naturally established plants (Aulbach, 2007; Gordon
& Wear, 2011) and have negatively impacted past macrophyte restoration efforts (Riis et al.,
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2009). We were encouraged by a past H. coronaria restoration practitioner to include a fall effort
in our study, but our results indicate that future efforts should not attempt fall restoration. This is
the first H. coronaria restoration project to our knowledge that conducted restoration in the
spring and the lack of significant difference between predicted spring and summer success
suggests that spring restoration is worth exploring more in future efforts. However, statistical
significance aside, summer does appear to be the best season for restoration based off of actual
experimental results and predicted model probabilities, although this conclusion could change
after assessing establishment after winter flood flows. The conclusions from our season model
across all life stages are corroborated by the results of our season model using a subset of only
bulb-based restoration units, which was the only life stage used in every season. It makes
ecological sense that summer would be the best season for restoration because that is when H.
coronaria would naturally establish in its life cycle. Additionally, high velocity flood flows are
largely absent in the summer, allowing the contractile roots of H. coronaria time to adhere to the
stream substrate undisturbed. While there is a greater chance of dislodging floods after a spring
restoration compared to summer, the risk is much lower than a fall restoration. Another concern
with fall restoration is it is unknown if roots of dormant bulbs are still able to effectively
establish. Other practitioners have claimed this is not a concern (J. Townsend; J. Rodgers, pers.
comms), but our low fall success suggest that there is a need to examine this claim in greater
detail by transplanting dormant bulbs in a controlled experiment. In general, our results confirm
that previous practitioners that were implementing restoration in the summer were indeed
following best practices and that future practitioners should continue implementing restoration
during the summer to maximize establishment and the overall benefits to ecosystem processes
that H. coronaria provides.
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Our observed success rates support our prediction of seedlings being the most successful
life stage in restoration efforts. Conversely, our life stage model suggested that bulbs had a
higher probability of success than seedlings but indicated that the difference in predicted
probabilities was not statistically significant. A potential reason for this discrepancy is that the
sample size for bulbs was substantially larger than seedlings because seedlings were only used in
the summer due to life cycle considerations. However, our balanced summer subset life stage
model also indicated that bulbs had the highest predicted probability of success but that the
difference between bulbs and seedlings was not significant, suggesting that sample size was not
the cause. The lack of strong support to distinguish the success of bulbs and seedlings is reflected
in considerations of H. coronaria’s life cycle. Bulbs should theoretically be more resistant to
stem breakage and substrate disturbances and have substantially more robust roots relative to
seedlings. On the other hand, seedlings are rapidly growing, with their roots getting their first
chance to establish, while transplanted bulbs are dealing with transplant shock and may not have
as much energy to put into a second establishment effort. Despite our efforts to follow best
practices for mitigating transplant shock, we still observed considerable signs of transplant shock
in our spring and summer bulb treatments (Figure C-3). We could not determine if transplant
shock occurred in fall treatments because most plants were beginning to go dormant at the time
of outplanting. The high observed proportion of success for bulb-based treatments indicates that
plants can bounce back from this shock, but it remains a major drawback of using bulbs.
Both life stage models predict that seed-based restoration has the lowest probability of
success, which could be due to a couple of botanical factors. While nearly all of our collected
seeds germinated, we observed considerable variability in germinations times and the longer an
outplanted seed does not germinate, the chances of it eventually establishing decreases. On the
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other hand, actively growing bulbs and seedlings will begin the establishment process
immediately after being outplanted, giving them an advantage over seeds. H. coronaria seeds are
also positively geotropic, which means when germination occurs the hypocotyl always emerges
from the end of the seed that is resting on the substrate (Whitehead & Brown, 1940). However, it
is not clear if a collected seed will determine its germination direction based off its orientation
when it actually germinates or how it was oriented in the multiple steps between being picked
and germinating. Moreover, we observed many outplanted seeds germinating in unexpected
orientations that likely made it more difficult for the individual to establish. Since seed collection
location and aeration conditions do not appear to influence germination times (Baucom et al.,
2020), it is difficult to predict when a seed will germinate. Using seedlings circumvents this
problem by removing the guesswork about the germination direction and timing, ensuring that
the individual is ready to establish. The fact that seedlings have not been used in restoration
efforts up to this point spotlights past project’s failure to incorporate the scientific process and
ecological knowledge like life stage considerations, but also provides support that future efforts
can achieve higher success. When considering H. coronaria restoration as part of a broader
stream restoration project, life stage recommendations may be dependent on the current level of
stream impairment. For example, seeds and seedlings may be less likely to establish if
hydroelectric flow modification is present (Davenport, 1996; Gordon and Wear, 2011; Wrona et
al., 2007) and hardiness of bulbs may be beneficial to endure fluctuating flows.
Our observed success and model results for techniques across all seasons and life stages
did not support our prediction of mat treatments having the highest establishment. This technique
seemed ideal, as we predicted that the coir weighed down with cobble would provide additional
structural support (Riis et al., 2009) but would still allow the roots to adhere to the streambed
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like they would in natural conditions. However, implementation of the technique proved difficult
because many of the locations we selected downstream of large protruding rocks had fine or
bedrock substrate, neither of which is ideal for establishment. Finding and moving cobble large
enough to realistically hold the coir down in large flood flows also proved to be difficult,
dangerous, and time consuming. We were not able to find most coir mats that were outplanted in
the fall or spring at the time of assessment, implying that flood flows moved the entire structure
downstream. Like all techniques, mats were likely more successful during the summer because
of a reduction in dislodging flows. Our wedge and wrap techniques had very similar observed
proportions of successful establishment and model-predicted success. The wrap technique had
similar implementation issues as the mat technique. After poor wrap success in the fall, we
started using heavier cobble and using extra coir rope to ensure complete enclosure, which likely
helped improve our success in the spring and summer. Wraps installed during the summer, like
mats, were particularly successful due to more suitable flow conditions. Contrary to our
predictions, the increased structural support of the wrap seemed to outweigh its reduced
naturalness, although it remains to be seen if these individuals will remain in place after the coir
breaks down. To this point, established plants that were outplanted in coir often appeared less
robust than wedged plants, potentially indicating that their roots had not fully established.
Wedge, the most natural of our techniques, did surprisingly well compared to verbal
accounts of past H. coronaria restoration projects (C. Aulbach; L. Davenport; J. Rodgers, pers.
comms.). This increased success may be due to better site selection at both the shoal and
microhabitat scale. As described in Chapter One of this thesis, the Upper Stevens Creek
watershed is less anthropogenically stressed than most streams with shoal habitats. The lack of
major flow regime alteration on Stevens Creek makes it a more suitable stream for H. coronaria
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restoration than previously chosen streams that were downstream of hydroelectric dams. Natural
flow regimes and low levels of other human disturbance at the watershed scale lead to more
suitable restoration sites at the shoal scale and suitable shoals are likely to have a plethora of
suitable microhabitat restoration sites. While microhabitat information from past projects was not
readily available, nor did we quantitatively record microhabitat conditions at every restoration
site, we believe that selecting suitable microhabitats for the wedge technique can greatly increase
success. Chapter Two of this thesis concluded that shallow water depths and coarse substrates
are the most important predictors of natural H. coronaria presence, and this study qualitatively
confirms that those characteristics are also important when conducting restoration. When
considering water depths for restoration, comparing the current water level stage to baseflow
conditions is imperative. For example, it is not advisable to select an extremely shallow or dry
location if the water level is going to continue dropping in the future because dry conditions
stress the plant and exposes it to deer herbivory. On the other hand, do not select locations with
moderate or deep water levels if the water level is going to continue rising in the future because
the plant will not be able to emerge from the water and photosynthesize. We recommend that
future practitioners consult current and historical USGS gauge records to understand the flow
regime of the stream they will implementing restoration in. Regarding substrate, our field
observations indicate that lifting medium or large cobbles, wedging the individual underneath it,
and placing other cobbles around it, if possible, gives the best chance of establishment. Crevices
in bedrock can also serve as suitable microhabitat sites if the size is appropriate. Ideally, you
want to have to apply some force to get the bulb into the crevice otherwise it will likely get
dislodged. We also observed some success outplanting individuals in holes dug in fine
substrates, which is similar to our bulb propagation methods and is the primary technique being
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used by the current Chattahoochee project (J. Rodgers, pers. comms) and another effort
occurring outside of species’ natural range (B. Stringer, pers. comms.). While this substrate type
is not in line with past descriptions of ideal H. coronaria habitat (Davenport, 1996; Aulbach,
2007) or our Chapter Two results, it does have the appeal of being easier than moving heavy
cobble and can also be implemented in streams where siltation has degraded shoal habitat. This
version of the wedge technique works especially well if a depositional zone of the shoal with
suitable water depths is selected.
The observed establishment and predicted success of each treatment is important in its
own right but examining success through the lens of effort should not be ignored considering the
limited resources available for H. coronaria restoration. Despite bulb-based treatments having
the highest predicted success, the effort required to propagate and maintain them is substantial.
To this point, all bulb-based treatments had lower success/effort ratios than all seedling-based
treatments and all but one seed-based treatment. Since fall efforts were largely unsuccessful, if
one wants to use bulbs for restoration, they will have to maintain the bulbs over the winter until
stream conditions are suitable for spring restoration, greatly reducing the potential success/effort
ratio. This ratio becomes even less desirable if bulbs are saved to use in the summer. Even
though the wrap technique had a predicted success similar to that of the wedge technique across
all seasons and a significantly higher predicted success in the summer, the effort required to find
suitable cobbles and craft robust wraps makes wraps very labor intensive. This is reflected in the
success/effort ratios, as wedge treatments were more efficient than wrap treatments in the fall
and spring and wedging seedlings in the summer was the most efficient treatment of the entire
study. Furthermore, coir is only sold in large rolls ($160 with freight shipping) making the wrap
technique more costly than the wedge technique. The high efficiency of wedged seedlings
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indicates that the minor amount of extra effort required to propagate seedlings compared to seeds
is worth it. While the broadcast technique was not given as much consideration in the overall
study, its efficiency suggests that it is worth considering if the project has a less experimental
focus, especially if the goal is to establish a small colony in a stream without an H. coronaria
seed source. There is also potential to scale up the broadcast method by using a net downstream
of a H. coronaria colony to collect seeds or by simply putting more person-hours into hand
picking. If thousands of seeds are broadcasted instead of hundreds, it is possible that reasonable
establishment could be achieved, especially if habitat and flow conditions during and after
broadcast are suitable. To this point, we do not recommend broadcasting seeds in a stream with
hydroelectric-modified flows as the seeds are highly unlikely to establish.
Overall, we believe that our results have the potential to greatly improve restoration
projects in fall line streams by providing practitioners with standard practices for implementing
H. coronaria restoration. Fall line stream degradation has reduced the productivity and
distribution of macrophytes like H. coronaria, leading to losses in vital ecosystem functions
(Duncan et al., 2009; Gregg & Rose, 1982), services (Thomaz, 2021), and biodiversity (Hofstra
et al., 2020; Kennon, 2007; Marcinek et al., 2003). The increased interest in process-based
restoration (Beechie et al., 2010; Wohl et al., 2015) has created a need to establish results-based
standards for macrophyte restoration that can be implemented to reestablish the ecosystem
function and services provided by macrophytes in fall line streams (O’Hare et al., 2018). We
believe the standard practices for H. coronaria restoration derived from this study provide a
significant step towards this need and carry additional weight due to the species’ status as a
cultural symbol and indicator species for free-flowing fall line streams (Davenport, 1996).
Furthermore, if large populations of a key indicator species like H. coronaria are able to be
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restored to a previously degraded fall line stream, it is likely that the stream restoration project
was successful at the watershed scale. The high proportion of success observed in this study is
undoubtedly not just due to the strong ecological foundation of our practices, but also the relative
lack of anthropogenic stress on Stevens Creek. In particular, we believe that Stevens Creek’s
natural flow regime bolstered the success of this restoration compared to past H. coronaria
restoration efforts that occurred in streams with modified flow regimes. While partnerships with
dam operators can promote the use of ecological flows (Wrona et al., 2007), these compromises
can only do so much and will likely still result in lower success because of H. coronaria’s
sensitivity to unnaturally fluctuating water levels (Davenport, 1996; Gordon & Wear, 2011).
Conversely, if natural flows have recently been restored or other substantial stream impairments
have been addressed, successful H. coronaria restoration can serve as an excellent benchmark
for overall fall line stream health. Furthermore, the cultural importance and public interest in H.
coronaria restoration increases the likelihood that less charismatic aspects of stream restoration
will also get public support. While not all indicator species are regarded as cultural symbols, we
believe that our framework for incorporating indicator macrophyte species into process-based
stream restoration projects deserves increased attention moving forward.
This study serves as the first attempt to establish results-based standard practices for H.
coronaria restoration and explore macrophyte restoration in the biodiverse and threatened shoals
of fall line streams in the southeastern United States. The propagation methods outlined in this
study appear suitable for future H. coronaria restoration efforts, regardless of scale or
greenhouse access. When implementing restoration, we recommend using the wedge technique
with seedlings in the summer due to its efficiency and life history alignment. If success with no
regard to effort is the top priority, we recommend using bulbs in the summer. The mat and wrap
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treatments require unnecessary effort and cost and may potentially prevent H. coronaria from
establishing naturally. Seed broadcasting is worth considering if minimizing effort is the top
priority and scaled up broadcast efforts should be explored to examine their overall effectiveness.
Understanding typical hydrology patterns at the watershed and microhabitat scale is essential to
restoration planning. If future efforts are implemented in areas with high deer density, herbivory
control is recommended because deer will target H. coronaria. The overall high success of this
effort is partially attributed to the low level of anthropogenic stress on Stevens Creek,
particularly flow modification, providing support for using the successful restoration of an
indicator species as a benchmark for overall restoration success. We hope that these standard
practices can be used to not only improve the success of future H. coronaria and fall line shoal
restoration projects, but also contribute to the advancement of process-based stream restoration
by highlighting the importance of macrophyte and indicator species restoration.
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Tables
Table 3.1. Summary of the number of individual Hymenocallis coronaria plants allocated to
each factor level and the shoals where the associated experimental restoration efforts occurred in
Stevens Creek, McCormick County, SC, USA.
Factor

Restoration Units

Shoal

Fall

192

5

Spring

168

4,5

Summer

644

1,2,3

Bulb

521

1,2,3,4,5

Seedling

161

1,2,3

Seed

161

1,2,3

Wedge

423

1,2,3,5

Mat

226

2,4,5

Wrap

194

2,4,5

Season

Life Stage

Technique
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Table 3.2. Summary of the number of individual Hymenocallis coronaria plants allocated to
every treatment in each season and the shoals where the associated experimental restoration
efforts occurred in Stevens Creek, McCormick County, SC, USA.
Fall
Treatment Units

Spring
Shoal

Bulbs

Treatment Units

Summer
Shoal

Bulbs

Treatment Units

Shoal

Bulbs

Wedge

96

5

Wedge

84

5

Wedge

81

1,2,3

Mat

64

5

Mat

42

4

Mat

40

2

Wrap

32

5

Wrap

42

4

Wrap

40

2

Seedlings

Seedlings

Seedlings

Wedge

0

NA

Wedge

0

NA

Wedge

81

1,2,3

Mat

0

NA

Mat

0

NA

Mat

40

2

Wrap

0

NA

Wrap

0

NA

Wrap

40

2

Seed

Seed

Seed

Wedge

0

NA

Wedge

0

NA

Wedge

81

1,2,3

Mat

0

NA

Mat

0

NA

Mat

40

2

Wrap

0

NA

Wrap

0

NA

Wrap

40

2
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Table 3.3. Results of AICc model selection on a priori candidate models for factors (season, life
stage, and technique) hypothesized to influence the probability of Hymenocallis coronaria
restoration success in Stevens Creek, McCormick County, SC, USA. The factor level allocated
the greatest number of plants is set as the reference level or intercept in each model (summer,
bulb, and wedge). Shoal was included as a random effect in the models to account for spatial
correlation between restored plants in the same shoal.
Model

ΔAICc

AICc
Weight

Β0(Intercept) + β1(fall) + β2(spring) + Shoal

0

0.999

Β0(Intercept) + β1(seed) + β2(seedling) + Shoal

14.21

.001

Β0(Intercept) + β1(mat) + β2(wrap) + Shoal

14.66

.001

Β0(Intercept) + Shoal

33.02

0
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Table 3.4. Summary of effect sizes and their 95% confidence intervals, predicted odds, and
predicted probabilities from full dataset single predictor models examining the effect of season,
life stage, and technique on the probability of Hymenocallis coronaria restoration success in
Stevens Creek, McCormick County, SC, USA.
Parameter

Effect Size

Lower 95%
CI

Upper 95%
CI

Odds of
Success

Probability
of Success

Season
Summer

-0.584

-1.55746

0.39816381

0.557663246

0.358012714

Spring

-0.6353

-2.24752

0.885549915

0.2954369

0.228059661

Fall**

-2.4523

-4.1617

-0.929533369 0.048012206

0.04581264

Bulb

-0.7716

-1.82289

0.282874

0.46227284

0.316133096

Seedling

-0.3533

-0.82101

0.110379

0.324684934

0.245103515

Seed**

-1.2088

-1.74133

-0.69591

0.138014021

0.121276204

Wedge*

-0.8622

-1.5896

-0.20996

0.422232149

0.296879908

Mat**

-1.031528*

-1.55762

-0.5246

0.150509662

0.130819989

Wrap

0.004742

-0.46462

0.476947

0.424239129

0.297870716

Life Stage

Technique

* Probability of success for reference level is significantly different than 0.5 at α = 0.05
** Probability of success is significantly different than the reference level at α = 0.05
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Table 3.5. Summary of effect sizes and their 95% confidence intervals, predicted odds, and
predicted probabilities from subset single predictor models examining the effect of season, life
stage, and technique on the probability of Hymenocallis coronaria restoration success in Stevens
Creek, McCormick County, SC, USA.
Parameter

Effect Size

Lower 95%
CI

Summer

-0.1911

-1.39785

Spring

-1.0475

Fall**

Upper 95%
CI

Odds of
Success

Probability
of Success

1.021966

0.826049979

0.452369863

-2.983

0.81378

0.28978964

0.22467977

-2.889

-4.90214

-1.02458

0.045954661

0.043935615

Bulb

-0.07575

-0.92545

0.807971

0.92704794

0.48107155

Seedling

-0.4096

-0.87236

0.048805

0.61548174

0.380989599

Seed**

-1.25838

-1.7855

-0.75148

0.263387223

0.208477035

Wedge*

-0.6785

-1.64602

0.266754

0.507377488

0.336596169

Mat

-0.3541

-1.05447

0.357382

0.356079948

0.262580351

Wrap**

0.8637

0.245628

1.520027

1.203459108

0.546168115

Season (bulb
subset)

Life Stage
(summer subset)

Technique
(summer subset)

* Probability of success for reference level is significantly different than 0.5 at α = 0.05
** Probability of success is significantly different than the reference level at α = 0.05
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FIGURES

Figure 3.1. Eight-kilometer study segment of Stevens Creek in McCormick County, SC, USA
with all restoration shoals (n=5) identified.
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a

b

c

d

Figure 3.2. Examples of seed (a), seedling (b), first-year bulb (c), and second-year bulb (d) life
stages uses in experimental Hymenocallis coronaria restoration efforts in Stevens Creek,
McCormick County, SC, USA.
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a

c

b

e

d

Figure 3.3. Examples of successful wedge (a-c), mat (d), and wrap (e) techniques used in
experimental Hymenocallis coronaria restoration efforts in Stevens Creek, McCormick County,
SC, USA. All examples shown are using the bulb life stage.
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Figure 3.4. Proportion of Hymenocallis coronaria restoration success for every level of each
factor hypothesized to influence success in Stevens Creek, McCormick County, SC, USA. The
overall proportion of success for the entire study is displayed as a horizontal line for reference.
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Figure 3.5. Proportion of Hymenocallis coronaria restoration success across all factors for each
restoration shoal in Stevens Creek, McCormick County, SC, USA. The overall proportion of
success for the entire study is displayed as a horizontal line for reference.
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3

Success/Effort Ratio

2.5
2
1.5
1
0.5
0

Treatment

Figure 3.6. Success/effort ratios for all treatments implemented in experimental Hymenocallis
coronaria restoration efforts in Stevens Creek, McCormick County, SC, USA.
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APPENDIX A
STUDY AREA PHOTOS

1

2

3

Figure A-1. Photos of the three main study shoals in the eight-kilometer study segment of
Stevens Creek, McCormick County, SC, USA. These shoals were used in both the habitat and
restoration research. Pane 1 also shows a permanently adhered water level logger housing.
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a

b

c

Figure A-2. Photo evidence of deer herbivory in the eight-kilometer study segment of Stevens
Creek, McCormick County, SC, USA. Pane a is an example of typical deer-browsed
Hymenocallis coronaria in Shoal 3 and Pane b and c show game camera images of deer entering
the creek to browse on Hymenocallis coronaria in the lower shoals of the segment.
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APPENDIX B
SUPPLEMENTARY HABITAT SUMMARY TABLES
Table B-1. Summary of habitat covariate data collected from 449 microhabitat sites across three
study shoals in Stevens Creek, McCormick County, SC, USA. All values are presented as mean
(range), except substrate size and type, which listed as median (range) and mode, respectively.
Variable

Shoal 1

Shoal 2

Shoal 3

All Shoals

Water Quantity
Water depth (cm)

11.83 (0-61.9)

20.89 (0-90.90)

14.17 (0-63.60)

15.63 (0-90.90)

Flow velocity
(m/s)

0.099 (0-1.01)

0.088 (0-0.88)

0.076 (0-1.16)

0.088 (0-1.16)

Size, D50 (mm)

308 (0.1-1000)

1000 (0.1-1000)

945 (0.01-1000)

484 (0.011000)

Type

Coarse

Bedrock

Bedrock

Bedrock

Rugosity (mm)

1.34 (1.04-2.06)

1.25 (1.03-2.65)

1.27 (1.04-2.23)

1.29 (1.032.65)

45.39 (0.15100)

25.60 (0.15-100)

35.95 (0.15-100)

35.68 (0.15100)

Water-willow
cover (%)

2.59 (0-75)

5.36 (0-85)

5.55 (0-85)

4.48 (0-85)

Riverweed cover
(%)

8.97 (0-90)

24.03 (0-95)

10.18 (0-95)

14.42 (0-95)

Other vegetation
cover (%)

3.47 (0-60)

3.58 (0-100)

2.66 (0-100)

3.24 (0-100)

Substrate

Light Availability
Canopy cover (%)
Vegetative
Interactions
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Table B-2. Summary of field surveyed Hymenocallis coronaria density and remotely sensed
fluvial geomorphology and light and seed availability covariates for 22 shoals within an eightkilometer segment of Stevens Creek, McCormick County, SC, USA.
Variable

Mean (Range)

H. coronaria density (stems/m2)

3.17 (0-64.92)

Shoal length (m)

166.97 (19.34-418.11)

Shoal gradient (m/m)

0.0055 (0.0010-0.012)

Shoal wetted width (m)

21.26 (12.52-33.36)

Upstream pool length (m)

180.17 (35.31-521.00)

Stream power

3,828.19 (715.62-8376.66)

Distance from dam (m)

3,478.65 (92.96-7133.25)

Solar radiation

847,066 (781,936-937,635)

Upstream H. coronaria density (stems/m2)

3.16 (0-64.92)
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APPENDIX C
SUPPLEMENTARY RESTORATION PHOTOS

a

b

Figure C-1. Images of additional shoals used for restoration in the eight-kilometer segment of
Stevens Creek, McCormick County, SC, USA. Pane a shows restoration Shoal 3 and pane b
shows restoration Shoal 4. The shoals pictured in Figure A-1 were also used for restoration.
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a

b

c

d

Figure C-2. Images of greenhouse methods used to propagate Hymenocallis coronaria in
different life stages for restoration efforts. Pane a is freshly collected seeds receiving aeration to
induce germination; b is seedlings ready for outplanting or potting; c is a newly potted seedling
that is destined to grow into a bulb; and d is potted bulbs growing in aerated pools.
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a

b

Figure C-3. Photo evidence of transplant shock in outplanted Hymenocallis coronaria
bulbs. Pane a shows rotting roots and pane b shows wilting and translucent leaves,
both of which are examples transplant-induced stress.
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